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Abstract
The niobium–phosphorus triple bond in [P≡Nb(N[Np]Ar)3]− (Np = CH2tBu; Ar = 3,5-Me2C6H3)
has produced the first case of P4 activation by a metal–ligand multiple bond. Treatment of P4 with
the sodium salt of the niobium phosphide complex in weakly-coordinating solvents led to the for-
mation of the C3-symmetric cyclo-P3 anion, while in THF, it led to the formation of the cyclo-P5
anion [(Ar[Np]N)(η4-P5)Nb(N[Np]Ar)2]−. The latter represents a rare example of a substituted
pentaphospha-cyclopentadienyl ligand and may be interpreted as the product of trapping an inter-
mediate η5-P5 structure through the migration of one anilide ligand.
A search for methods of activating P4 that avoid tedious metal-mediated steps led to the dis-
covery of an incredibly simple procedure involving only commercial reagents. Irradiation of so-
lutions containing P4 and readily available 1,3-dienes produced bicyclic organic diphosphanes in
an atom-economical, one-step protocol. Use of 2,3-dimethylbutadiene allowed the isolation of
the bicyclic diphosphane P2(C6H10)2 in gram-quantities, but other dienes such as 1,3-butadiene,
isoprene, 1,3-pentadiene, and 1,3-cyclohexadiene also provided evidence for incorporation of P2
units via double Diels–Alder reactions. Theoretical investigations provided support for the forma-
tion of P2 molecules from photo-excited P4.
Investigations into the physical and chemical characteristics of P2(C6H10)2 uncovered an un-
precedented stability towards cleavage of the P–P bond relative to other diphosphanes. P2(C6H10)2
exhibits a flexible, yet robust bicyclic framework containing lone pairs disposed at an angle of
ca. 45◦, and proved to be ideally suited to form multiple bridges between two metal centers.
Dinuclear complexes containing tetrahedral, zero-valent group 10 metals bridged by three diphos-
phane ligands were investigated in detail. These contain D3h-symmetric {M2P6} barrelene cages
with metal–metal distances of 4 A˚, and exhibited substitution reactions where the cages remain
intact. Alternatively, diphosphane P2(C6H10)2 allowed for unprecedented selectivity towards func-
tionalization of a single phosphorus lone pair. Additional functionalization proceeds at a signifi-
cantly slower rate, thus enabling the selective isolation of various phosphoranes (EP2(C6H10)2 and
E2P2(C6H10)2; E = O, S, N-R). Metalation reactions with the bulky diiminodiphosphorane ligand
(MesN)2P2(C6H10)2 allowed for multiple metal complexes, showing that such ligands provide an
attractive pre-organized binding pocket for transition metals, as well as post-transition metals.
Thesis Supervisor: Christopher C. Cummins
Title: Professor of Chemistry
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Chapter 1
Tetraphosphorus Activation at a
Metal–Phosphorus Triple Bond of a
Niobium Trisanilide Platform: a New
Route to cyclo-Triphosphorus or
cyclo-Pentaphosphorus Complexes
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Abstract
The niobium–phosphorus triple bond in [P≡Nb(N[Np]Ar)3]− (Np = CH2tBu; Ar = 3,5-Me2C6H3)
has produced the first case of P4 activation by a metal–ligand multiple bond. Treatment of P4 with
the sodium salt of the niobium phosphide complex in weakly-coordinating solvents allowed for
the isolation of the cyclo-P3 anion as orange crystals of [Na(THF)]2[(P3)Nb(N[Np]Ar)3]2 dimer
(56% yield) or [Na(12-crown-4)2] salt (86% yield). In the solid state, each niobium–P3 unit ex-
hibits pseudo-C3 symmetry, while 31P NMR spectroscopy showed a sharp signal at−223 ppm that
splits into a doublet–triplet pair below−50 ◦C. Treatment of [P≡Nb(N[Np]Ar)3]− with P4 in THF
allowed for the isolation of a cyclo-P5 anion as red crystals of the salt [Na(THF)6][(Ar[Np]N)(η4-
P5)Nb(N[Np]Ar)2] (71% yield). The cyclo-P5 system represents a rare example of a substituted
pentaphospha-cyclopentadienyl ligand and may be interpreted as the product of trapping an in-
termediate pentaphospha-cycplopentadienyl structure through the migration of one anilide lig-
and onto the P5 ring. The P4-activation pathway was shown to depend on the dimer–monomer
equilibrium of the niobium phosphide reagent, which in turn depends upon the solvent used for
the reaction. The cyclo-P3 salt may serve as a P33− source, as treatment with AsCl3 led to the
formation of AsP3, albeit in modest yield. The W(CO)5-capped cyclo-P3 salt was also isolated
as [Na(THF)][(OC)5W(P3)Nb(N[Np]Ar)3] (60% yield) from the activation of P4 with the corre-
sponding [(OC)5WPNb(N[Np]Ar)3]− anion.
Reproduced in part with permission from: Tofan, D.; Cossairt, B.; Cummins, C. C. Inorg. Chem., 2011, 50,
12349–12358; ToC graphic shown below; ©2011 American Chemical Society.
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1.1 Background: Activation of P4 with Transition Metal Complexes
Molecules containing phosphorus have become ubiquitous in modern society, as industrial pro-
cesses involving phosphorus have grown consistently for more than a century.1 Industrially, the
reduction of phosphate rocks (typically apatite, Ca10(PO4)6(X)2, X = OH, F, Cl, or Br) generates
annually over 500,000 tons of white phosphorus, and as a result, P4 still represents the major source
of phosphorus for the production of organophosphorus compounds.2 The present-day synthesis of
such compounds involves chlorination of P4 with Cl2 to generate PCl3, followed by treatment
with appropriate Grignard or organolithium reagents, or with halogenated organic compounds in
the presence of a powerful reducing agent.3,4 Circumventing the need for PCl3 as an intermedi-
ate for both safety and sustainability reasons has led to an increased interest in activating P4 via
alternative routes, involving either main group molecules,5 or transition metal complexes.6,7
The Cummins research group has been investigating the activation of P4 by early transition
metal complexes for several years.6 My research as a member of this group has continued this
work, and it is related directly or indirectly to the activation of white phosphorus. In this disserta-
tion, several strategies that I have investigated over the past years will be presented.
Described first by Sacconi et al.,8 cyclo-P3 ligands have been of interest as products of white
phosphorus activation by metal complexes.6,7 They have been of interest also as members of an
isolobal series of tetrahedra, Pn{Co(CO)3}4−n.9 Recently, it was shown that cyclo-P3 complexes
of niobium and molybdenum could be obtained upon treatment of terminal phosphide (P≡M)
complexes with a source of P2.10 In particular, the complex (η2-PPNMes*)Nb(N[Np]Ar)3 (Ar =
3,5-Me2C6H3, Np = CH2tBu, and Mes* = 2,4,6-tBu3C6H2) serves as a source of P2 upon thermal
fragmentation (Scheme 1.1).11 Spurred by this latter development, we considered the possibility
that P4 itself might be able to serve as a source of two P2 units upon reaction with a suitable
terminal phosphide derivative. This would represent a new and economical “1+2” synthesis of
cyclo-P3 complexes. For this work, we targeted anionic cyclo-P3 complexes of niobium, since
these have been employed successfully as P33− transfer agents, most notably in the synthesis of
AsP3.12 In the course of detailing a valuable new route to cyclo-P3 complexes, we are also unveil-
ing two unique examples of P4 activation by a metal–ligand multiple bond leading to cyclo-P3 and
P5 products. This approach complements the recent application of main-group element systems to
the problem of P4 activation.5
1.2 A Niobium cyclo-P3 Complex from the Activation of P4
1.2.1 Synthesis of a Niobium cyclo-P3 Anion
Treatment of a benzene solution of phosphide [Na(OEt2)]2[P≡Nb(N[Np]Ar)3]2 ([Na][1]) with
P4 led, at room temperature, to a rapid color change from dark yellow to orange (Scheme 1.2).
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Figure 1-1: Variable-temperature 31P NMR spectrum of anion 2 (in THF, 162 MHz) showing a
2:1 pair of doublet and triplet signals below −60◦C.
The product was identified by NMR spectroscopy (both 1H and 31P) as the previously reported
[(η3-P3)Nb(N[Np]Ar)3]− anion (2).10 The conversion was quantitative by NMR and, using PPh3
as internal standard, it was revealed to require only half an equivalent of P4. Further addition
of P4 does not lead to the appearance of new products. Similar observations were made when
using other solvents such as benzene, toluene, diethyl ether, dimethoxyethane, fluorobenzene,
benzonitrile, and pyridine.
The product was isolated by recrystallization from pentane solutions containing small amounts
of THF (tetrahydrofuran) in 56% yield as analytically pure orange crystals of [Na(THF)]2[2]2.
Alternatively, the product can be isolated in 83% yield as the salt [Na(12-crown-4)2][2] after the
addition of two equivalents of 12-crown-4, and isolation of the orange powder from diethyl ether–
pentane solutions.
The 31P NMR chemical shift of the cyclo-P3 anion 2 was reported in pyridine at −183 ppm
when the sodium cation is sequestered by two 12-crown-4 ethers.10 In THF and without cation
sequestration, the anion appears as a sharp singlet at −223 ppm, this being a significant change in
the value of its chemical shift. At low temperatures, in solution, a loss of the three-fold symmetry
of the anion is also observed. The normally sharp 31P NMR signal for the anion 2 broadens, and
in THF, it splits into two resonances below −50 ◦C. At −80 ◦C it is split into a 2:1 doublet–triplet
pair, at −178 ppm and −203 ppm, respectively, with a large one-bond 31P–31P coupling constant
of 250 Hz (Fig. 1-1).
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Figure 1-2: Solid-state structure of the [Na(THF)]2[2]2 dimer rendered in PLATON14 with el-
lipsoids at the 50% probability level and hydrogen atoms omitted for clarity. Selected dis-
tances [A˚] and angles [◦]: Nb1–P1 2.5447(5), Nb1–P2 2.5272(5), Nb1–P3 2.5456(5), P1–
P2 2.1749(7), P1–P3 2.1745(7), P2–P3 2.1724(7), Na1–P1 2.9812(9), Na1–P1a 2.9792(9),
Na1–P2a 3.0708(9), Na1–P3a 3.0961(9), Na1–C13 2.9793(19), Na1–C14 2.7828(19), Na1–
C15 2.8513(19), Nb1–N1 2.0427(15), Nb1–N2 2.0526(15), Nb1–N3 2.0762(16); P1-Na1-P1a
87.16(2), Na1-P1-Na1a 92.84(2), Nb1-P1-Na1 129.56(2), Nb1-P1-Na1a 128.73(2), P3-P1-P2
59.93(2), P1-P2-P3 60.03(2), P2-P3-P1 60.04(2).
1.2.2 Structure of a Niobium cyclo-P3 Salt
The solid-state structure of the cyclo-P3 salt was determined by an X-ray crystallography ex-
periment and it shows that the salt forms a dimer with the formula [Na(THF)]2[2]2 (Fig. 1-2),
reminiscent of the dimeric structure reported for the sodium salt of the phosphide starting material
1.13
The cyclo-P3 dimer [Na(THF)]2[2]2 has a Na2P2 diamond core. There are four significant
sodium–phosphorus interactions for each of the sodium ions ranging from 2.9792(9) to 3.0961(9)
A˚. In the solid state, the niobium–phosphorus distances are 2.5272(5), 2.5447(5), and 2.5456(5)
A˚. The three phosphorus–phosphorus bond distances are very similar to each other, with values
of 2.1724(7), 2.1745(7), and 2.1749(7) A˚. Even though in the solid state only one of the three
phosphorus atoms of anion 2 interacts with two sodium cations, the {P3Nb} tetrahedron is still
close to being three-fold symmetric. In addition to the four sodium–phosphorus interactions and
the one with the THF ligand, the coordination sphere of each sodium ion is completed through a
cation-pi interaction with three aryl carbons from one anilide ligand.
The pseudo-C3 symmetry of anion 2 leads to a single anilide and a single phosphorus envi-
8
CHAPTER 1.
000.07 000.04 000.01 000.02- 000.05- 000.08-
A
A
B
BC
C
D
D
E
E
Figure 1-3: 31P NMR spectrum of anion 3 (in THF, –80 ◦C, 162 MHz) showing experimental (top)
and fitted (bottom) spectra.15 Coupling constants (Hz) obtained from the fit: 1Jab = 383, 1Jac =
405, 1Jbd = 350, 1Jce = 330, 1Jde = 351, 2Jad = −4.8, 2Jbe = 27, 2Jcd = −34.
ronment at room temperature by solution NMR spectroscopy. However, not having the cation
sequestered by crown ethers leads to an apparent decrease in the three-fold symmetry in solution
at low temperatures. The normally sharp 31P NMR signal for the anion 2 splits into two resonances
at low temperatures, indicative of an ion-pairing interaction that desymmetrizes the cyclo-P3 ring.
These observations suggest that the dimer is conserved in solution, even in THF, which is dif-
ferent from the behavior of the phosphide anion 1. At room temperature this dimer undergoes a
fast scrambling of the phosphorus–sodium interactions, probably through a µ,η1:3 ⇀↽ µ,η3:1 ex-
change, which, at temperatures below−60 ◦C, slows down enough to be observed on the 31P NMR
spectroscopy timescale (Fig. 1-1).
1.3 A Niobium cyclo-P5 Complex from the Activation of P4
1.3.1 Synthesis of a Niobium cyclo-P5 Anion
A competing pathway leading to the generation of a new activation product was observed when the
treatment of P4 with anion 1 was carried out in coordinating solvents such as THF. Mixing of THF
solutions of P4 and [Na][1] at room temperature led to rapid consumption of the phosphide, as the
color of the mixture changed from dark yellow to red. Independent of the amount of P4 used (from
0.25 to over 3 equivalents), a different major product formed. This new product has the chemical
formula [Na(THF)6][(Ar[Np]N)(η4-P5)Nb(N[Np]Ar)2] ([Na][3]), and its structure was obtained
by an X-ray diffraction study (Fig. 1-4). Instead of a molecule of P4 being split by two phosphide
anions, a whole molecule is consumed by a single phosphide. The phosphide anion undergoes a
formal addition of an entire P4 molecule to form the novel cyclo-P5 anion 3. This result can be
9
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interpreted as trapping of an intermediate pentaphospha-cycplopentadienyl structure through the
migration of one of the anilide ligands from the metal center onto a phosphorus atom.
In THF, the formation of the cyclo-P5 anion is quite selective (Scheme 1.2), as greater than
95% conversion could be recorded by 31P NMR spectroscopy by using PPh3 as an internal standard
(Fig.1-7). This product was isolated in 71% yield as a red-orange solid after recrystallization from
pentane–THF mixtures. Minimal competing formation of anion 2 was observed (less than 5%) by
31P NMR spectroscopy.
The room temperature 31P NMR spectrum of the isolated anion 3 contains five distinct peaks,
with one of these resonating as a triplet at +78 ppm in THF. The remaining four signals resonate
between –10 and –100 ppm but are very broad. Below –40 ◦C, these signals sharpen into well re-
solved pseudo-triplets at –5, –40, –59 and –87 ppm respectively. Spectrum fitting using the gNMR
software package15 revealed some large phosphorus–phosphorus one-bond coupling constants of
between 330 and 405 Hz, as well as appreciable two-bond coupling constants of 27 and –34 Hz
(Fig. 1-3).
1.3.2 Structure of a Niobium cyclo-P5 Salt
There are two crystallographically distinct but chemically equivalent molecules of [Na(THF)6][3]
in the asymmetric unit obtained from X-ray diffraction experiments. The five phosphorus atoms
form a five-membered ring, and in one of the two conformations (depicted in Fig. 1-4), the
phosphorus–phosphorus bond distances range from 2.1550(18) to 2.1894(19) A˚, close to the aver-
age value for phosphorus–phosphorus single bonds of 2.21 A˚.16 The structure of anion 3 suggests
a [RP5]4− formulation for the cyclo-P5 ligand, which has cyclopentaphosphane, P5H5, as a parent
molecule.17 Four of the phosphorus atoms bind to niobium, while the fifth one binds to an anilide
group. The η4-bonding to niobium includes a relatively long contact at 2.6968(14) A˚, two medium
ones at 2.5961(14) and 2.6151(13) A˚, and a shorter one at 2.5380(14) A˚. These values are in the
range of niobium–phosphorus single bonds, as even the shortest of them is significantly longer
than the reported values for niobium–phosphorus double bonds.13,16,18 In both the 1H and 13C
NMR spectra, the complex exhibits C1 symmetry at room temperature, with three distinct anilide
environments, consistent with the observed solid-state structure of the anion.
The η4-coordination, together with the two nitrogen atoms are not enough to satisfy the co-
ordination sphere of niobium; this is fulfilled with a pair of metal–aryl interactions. This type
of η3 binding mode by the anilide ligands has been observed in several other instances when the
metal center is electron deficient, including in the case of Ti(NRAr)3 and V(NRAr)3.19 Also, this
is very similar to the η3 binding mode for benzyl ligands as originally described by Cotton.20
The metal–aryl interactions observed here of just over 2.5 A˚ in the solid state, are too long to
be described as niobium–carbon single bonds, which are typically below 2.3 A˚.16 However, they
are sufficiently strong to prevent the free rotation around the metal–nitrogen bond in solution.
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Figure 1-4: Solid-state structure of the [Na(THF)6][3] salt rendered in PLATON14 with ellip-
soids at the 50% probability level. Hydrogen atoms and the [Na(THF)6]+ cation are omitted
for clarity. The coordination environment around the metal in anion 3 is shown in the top-
right inset as a cropped view from above the P5 ring. Selected distances [A˚] and angles [◦]:
Nb1–P3 2.5380(14), Nb1–P2 2.5961(14), Nb1–P1 2.6151(13), Nb1–P4 2.6968(14), Nb1–P5
3.3898(14), P1–P2 2.160(2), P2–P3 2.1894(19), P3–P4 2.1622(18), P4–P5 2.1550(18), Nb1–C11
2.605(5), Nb1–C12 2.535(5), Nb1–C21 2.597(5), Nb1–C22 2.606(5), Nb1–N1 2.091(4), Nb1–N2
2.093(4), P5–N3 1.751(4); P5-P1-P2 106.30(8), P1-P2-P3 105.80(7), P2-P3-P4 103.02(7), P3-P4-
P5 110.67(7), P4-P5-P1 98.10(7).
Therefore, the pseudo-C2 symmetry of the rigid {Nb(N[Np]Ar)2} fragment combined with the Cs
symmetry in the {Ar[Np]N(P5)} ligand leads to the C1 symmetry observed for the anion 3 by NMR
spectroscopy at room temperature, with five phosphorus and three distinct anilide environments.
The only previously reported early transition-metal complex bearing a cyclopentaphosphane
ligand is the [Ti(P5)2]2− anion.6,21 To our knowledge, the anion 3 is the first example of a mono-
metallic structure where a substituted cyclopentaphosphane {RP5} ligand is bound η4 to a metal.
There are only a few multi-metallic late transition-metal complexes that exhibit a similar binding
motif, the most similar of which is the bimetallic complex [{Cp∗(OC)2Fe}(µ,η1:4-P5Me){FeCp∗}]
that was isolated as a reaction byproduct in low yield.22 Other examples of P5 units bound to a
metal in an η4 fashion include the trimetallic complex [{Cp∗(OC)Ir}2(µ3,η1:1:4-P5){FeCp∗}],23
and a few examples where a P10 unit, comprised of two P5-cycles joined by a phosphorus–
phosphorus bond, are bound η4 to multiple metals.24,25 Activations of P4 resulting in η4-bound
phosphorus fragments in transition metal complexes are also known.26
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Figure 1-5: 31P NMR spectrum obtained 20 minutes after the activation of AsP3 with the niobium
phosphide anion 1 in diethyl ether solution. Scrambling of pnictogen atoms produces the anion
2 as the major product, with the cyclo-AsP2 and As2P anions as well as a small amount of P4
forming in smaller quantities.
1.4 Activation of P4 and AsP3 with Related Niobium Trisanilide Plat-
forms
Treatment of the W(CO)5-capped phosphide [Na(OEt2)][(OC)5WPNb(N[Np]Ar)3] ([Na][1-W])
with P4 in non-polar solvents led to reactivity similar to that observed for 1. A very broad singlet
at −219 ppm was recorded in the 31P NMR spectra, characteristic for the previously reported an-
ion [(OC)5W(P3)Nb(N[Np]Ar)3]− (2-W).10 This complex was isolated in 60% yield as an orange
powder after recrystallization from pentane–THF mixtures, as the salt [Na(THF)][2-W]. In con-
trast to the phosphide 1, treatment in THF of the capped phosphide 1-W with P4 did not generate
new products, as only the anion 2-W could be observed by NMR spectroscopy.
No reaction was observed upon treating the neutral trimethylsilyl phosphinidene complex
Me3SiP=Nb(N[Np]Ar)3 13 with P4, indicating that the presence of the ionic charge may be a re-
quirement for activation of P4 molecules by metal–phosphorus multiple bonds.
Treatment by Dr. Brandi Cossairt of the related arsenide anion, [As≡Nb(N[Np]Ar)3]−,27 with
an equivalent of P4 in diethyl ether led to appearance of new peaks in the 31P NMR spectrum.
These can be attributed to the expected cyclo-AsP2 niobium complex, as well as to cyclo-P3 and
cyclo-As2P products. A similar product distribution (together with small amounts of P4) was
12
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Figure 1-6: 31P NMR spectrum of the activation of AsP3 with the niobium phosphide anion 1
in THF obtained immediately after thawing the mixture (top) and after 24 h at room temperature
(bottom). Tentative assignments indicate the presence of two isomers of cyclo-AsP2, and multiple
cyclo-AsP4 isomers.
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observed by Dr. Cossairt when equimolar amounts of AsP3 12 and phosphide 1 were mixed together
in diethyl ether (Fig. 1-5).
Activation of AsP3 by the phosphide 1 in THF leads to reactivity similar to that observed
for P4. The formation of multiple isomers of the expected cyclo-AsP4 product was observed by
31P NMR spectroscopy. Four different isomers can be identified by low temperature 31P NMR
spectroscopy if the analysis is done promptly after mixing. Two of these isomers persist after a
day in solution at room temperature (Fig. 1-6).
Activation of P4 molecules was also attempted using [Na(12-crown-4)2][1] as the phosphide
source.13 When either THF or diethyl ether were used as solvents for the reaction, selective con-
version to the η4–P5 anion 3 was observed to occur by 31P NMR spectroscopy. The cyclo-P3
anion 2 was also observed to form in very small amounts, but the exact 3 to 2 ratio could not
be not precisely measured due to the very low solubility of the salts where the sodium cation is
sequestered with two 12-crown-4 ethers.
1.5 Factors for Divergent Pathways in P4 Activation
In non-polar solvents, the activation of P4 molecules with either the uncapped phosphide anion
1 or the W(CO)5-capped one (1-W) leads to cyclo-P3 products. The phosphide anions undergo
a formal addition of P2 units to the metal–phosphorus multiple bonds to form the cyclo-P3 com-
plexes. [Na(12-crown-4)2][2] and [Na(12-crown-4)2][2-W] have been isolated previously from
the trapping of P2 or (P2)W(CO)5 by the phosphide 1 in yields of 30% and 75%, respectively
(Scheme 1.1).10 The yields obtained here, 56% for anion 2 and 60% for anion 2-W are on par with
those obtained previously for the cyclo-P3 anions. However, the method reported here represents a
simpler, synthetically useful methodology for the synthesis of salts of the cyclo-P3 anion since the
source of P2 units is elemental phosphorus, rather than the complicated niobium diphosphaazide
complex used previously, itself the product of a multi-step synthesis originating from P4.10 In
addition, the method disclosed here28 also removes the requirement to sequester the cation with
crown ethers for purposes of product separation.
As described above, the formation of anion 3 is observed when the reaction is performed in
THF. Use of other coordinating solvents for the activation of P4 led to different ratios of anions
3 and 2 (Table 1.1). Upon switching to THF derivatives with increased steric hindrance around
the oxygen atom such as 2-methyl-tetrahydrofuran and 2,5-dimethyltetrahydrofuran, the ratio of
anion 3 to 2 produced under the same conditions decreases from 10:1, to 9:1, to 6.4:1 respectively
(by 31P NMR). The conversion becomes less selective for the formation of anion 3 as the solvent is
replaced with THF derivatives. The dielectric constant does not change significantly moving from
THF to 2-methyltetrahydrofuran and 2,5-dimethyltetrahydrofuran, decreasing from 7.52, to 6.97,
and ∼6 respectively.29 On the other hand, the decrease in selectivity is paralleled by an increased
steric hindrance about the oxygen atom of the solvent molecules.
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Figure 1-7: 31P{1H}NMR spectrum of the mixture from the activation of P4 (1.27 equiv) by anion
1 in THF reveals almost complete selectivity for the cyclo-P5 product.
Using 1,4-dioxane as a solvent decreased the ratio to 3.7:1. The formation of both 3 and 2
was observed when the reaction was performed in acetonitrile, in a 4.5:1 ratio. In addition, small
amounts of the anion 3 could also be observed when using diethyl ether if stoichiometric amounts
of THF were present, such as when [Na(THF)x][1] (x = 2 to 3) was employed as the phosphide
source. The use of other polar, coordinating solvents such as dimethoxyethane, pyridine, fluo-
robenzene, benzonitrile, or dichloromethane, did not lead to products other than cyclo-P3 anion
2 (by 31P NMR spectroscopy). Pyridine and benzonitrile have large dielectric constants (12.26
and 25.9 respectively) which implies that the selectivity for the cyclo-P5 anion is not related to
dielectric factors by solvent .
The solid-state structure of the niobium phosphide sodium salt which was used for the activa-
tion of P4 was reported previously using crystals obtained from ethereal solutions. This sodium
salt of 1 exists as a dimer, with the molecular formula [Na(OEt2)]2[1]2.13 This dimeric form
is preserved in weakly-coordinating solvents, but in THF, it is broken apart as the cation is se-
questered away by solvent molecules. This interpretation is corroborated by a significant down-
field shift in the 31P NMR chemical shift of the phosphide 31P nucleus upon going from benzene
to THF.13 Since the formation of anion 3 became disfavored with respect to the formation of 2
in solvents having lower affinity for the sodium ion, it is likely that appearance of P5-structures
requires breaking apart the dimer of phosphide 1. Literature precedent exists for reactivity influ-
ence of an ethereal solvent through a shift in the dimer ⇀↽ monomer equilibrium, including for
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Table 1.1: Solvent vs. product distribution
Solventa Dielectricb Ratio of 3 to 2c
Pentane 1.84 0
2,3-Dimethylbutadiene 2.10 0
Dioxane 2.22 3.7
Benzene 2.28 0
Toluene 2.38 0
1,3-Cyclohexadiene 2.68 0
Diethyl ether 4.27 0
Fluorobenzene 5.47 0
2,5-Dimethyltetrahydrofuran ≈6 6.4
2-Methyltetrahydrofuran 6.97 9
Dimethyoxyethane 7.30 0
Tetrahydrofuran 7.52 10
Dichloromethane 8.93 0d
Pyridine 13.26 0
Benzonitrile 25.90 0
Acetonitrile 36.94 4.5
a Experimental conditions: phosphide 1 and excess solid P4 (2.7 equiv) stirred
for 1 h. b Solvent dielectric constant at 25◦C.29 c Recorded by 31P NMR
spectroscopy. d In dichloromethane, the cyclo-P3 product reacts further with
the solvent.
alkali metal salts.30 This hypothesis was verified by using [Na(12-crown-4)2][1] as the phosphide
source, in which the sodium cation is sequestered by crown ethers, while the anion is in a “naked”,
monomeric form.13
In summary, in non-polar solvents, a dimeric phosphide [Na(OEt2)]2[P≡Nb(N[Np]Ar)3]2
molecule reacts directly with P4 and breaks it into two halves to generate two niobium cyclo-P3 an-
ions. Since the product appears to also be dimeric in solution, it is possible that this pathway does
not involve the breaking of the Na2P2 diamond core at any point during the reaction. However, as
phosphide anions 1 are capable of trapping diphosphorus species to yield the cyclo-P3 anions 2,10
an alternative pathway can also be envisioned: a monomeric phosphide anion 1 may react with a
P4 molecule to form the anion 2 with release of P2, which is later, in turn, trapped by a second
phosphide molecule. In order to probe for the possible intermediacy of P2 in the process leading
to cyclo-P3 complexes, the P4 activation reaction was performed in neat 1,3-cyclohexadiene and in
neat 2,3-dimethylbutadiene, and monitored for the formation of new products. Although anion 2
was observed in each case, none of the expected trapping products could be detected using either
1,3-cyclohexadiene11, or 2,3-dimethylbutadiene.31 It remains a possibility that the dienes were
unable to compete with the phosphide anion 1 for trapping any P2 that may have been generated.
The activation of P4 molecules with the related W(CO)5-capped phosphide
[Na(OEt2)][(OC)5WPNb(N[Np]Ar)3] (1-W) in THF led to the formation of only the
[Na(THF)][(OC)5W(P3)Nb(N[Np]Ar)3] (2-W) product. The reported solid-state structure of the
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capped phosphide 1-W indicates a monomeric constitution.10 It is possible that one anion 1-W
reacts with P4 to generate the cyclo-P3 anion 2 together with (η2-P2)W(CO)5.32 Trapping of the
latter entity with another 1-W anion, followed by scrambling of W(CO)5 units would yield 2-W as
a net product. However, attempts to intercept (η2-P2)W(CO)5 species by carrying out the reaction
in 2,3-dimethylbutadiene did not lead to any 1H or 31P NMR resonances corresponding to those
of the reported diene-trapping product (OC)5WP2C12H20.11
Treatment of diethyl ether solutions of the related arsenide [Na][As≡Nb(N[Np]Ar)3]27 with
P4, or of the phosphide 1 with AsP3, led to observations consistent with facile scrambling of
pnictogen atoms (Fig. 1-5). Such a distribution of cyclo-AsxP3−x products has been reported for
a related niobium system.33 The scrambling takes place in the course of formation of cyclo-E3
ligands and not subsequently, as the scrambling between cyclo-P3 product and unreacted AsP3 has
been ruled out in a control experiment.
Activation of AsP3 by phosphide 1 in THF leads to both cyclo-AsP3 and cyclo-AsP4 products.
Low temperature 31P NMR spectroscopy allowed for identification of four different isomers of the
expected cyclo-AsP4 unit, each with the arsenic atom bound to niobium. However, two of these
isomers do not appear to be stable at room temperature in solution for extended periods of time
(Fig. 1-6).
1.6 Computational Insights into the Activation of P4
Using Density Functional Theory (DFT),34 we investigated the energetics of the reaction of the
“naked” phosphide monomer with P4 using the simplified model [P≡Nb(N[Me]Ph)3]− and opti-
mized in a continuum dielectric model for THF (without employing diffuse functions). Geome-
tries were built and then allowed to optimize to local minima that represent viable intermediate
structures en route to the formation of anion [(Ph[Me]N)(P5)Nb(N[Me]Ph)2]− (Fig. 1-8).35 An
η2-bound phosphinophosphinidene complex (P=PR2, for R2 = (P3)−) was found to be at –8 kcal/-
mol with respect to the starting molecules (electronic energy). This anion can be envisioned as
the product of the insertion of a vertex of P4 into the niobium–phosphorus triple bond, and is
reminiscent of some previously reported phosphinophosphinidene complexes of niobium [(η2-
R2PP)Nb(N[Np]Ar)3] (R = tBu, Ph).13 A κ2-P5 structure, which can be envisioned as the inser-
tion of one of the edges of the P4 tetrahedron into the phosphide multiple bond, was found to be
another 8 kcal/mol more stable. Another structure with a planar cyclopentaphosphane ring bound
η4 to niobium was found to be quite stable, at –27 kcal/mol from the starting materials. If this
intermediate does form, the phosphorus atom not bound to niobium is poised to undergo anilide
transfer from the metal center, to generate the observed final product. The overall transformation
below (Eq. 1.1) was predicted to ensue with a release of 35 kcal/mol of energy.
[PNb(N[Me]Ph)3]− + P4
∆H=−35 kcal/mol−−−−−−−−−−→ [(Ph[Me]N)(P5)Nb(N[Me]Ph)2]− (1.1)
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Figure 1-8: Computed energy diagram (in kcal/mol) for the activation of P4 by the model phos-
phide anion [P≡Nb(N[Me]Ph)3]−. Several possible intermediate structures are also shown, and
their electronic energies are referenced against the sum of the energies for a molecule of P4 and a
phosphide anion.35
It is unclear how the cyclo-P3 anion 2 is produced from the monomeric phosphide 1 — such as
is observed when using [Na(12-crown-4)2][2]. It is possible that a P2 molecule is extruded from
one of the intermediates. We investigated the transformation below (Eq. 1.2) using DFT methods
and found the products to be less than 1 kcal/mol above the energy level of the reactants.
[PNb(N[Me]Ph)3]− + P4
∆H=+1 kcal/mol−−−−−−−−−−→ [(P3)Nb(N[Me]Ph)3]− + P2 (1.2)
It is also possible that some intermediate structures are sufficiently long-lived to allow for a bi-
molecular reaction with another phosphide to yield two cyclo-P3 anions. This pathway should be
preferred when excess phosphide 1 is present. The overall reaction of two phosphide anions and
one P4 molecule (Eq. 1.3) was predicted to be energetically downhill by 51 kcal/mol.
2 [PNb(N[Me]Ph)3]− + P4
∆H=−51 kcal/mol−−−−−−−−−−→ 2 [(P3)Nb(N[Me]Ph)3]− (1.3)
However, kinetic control ensures that the irreversible conversion to the anion 3 is the overall pre-
ferred pathway from monomeric phosphide. Careful experimental studies looking at varying the
initial concentrations of the reactants did not generate significant changes to support increased
preference for the thermodynamic pathway at higher concentrations of phosphide 1.
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1.7 Anionic Niobium Complexes as Sources for the Generation of
Molecular Phosphorus
Given the reactivity of the related [(P3)Nb(ODipp)3]− anion,12 the anion 2 was also targeted as a
P33− transfer agent. Under the same conditions as those reported in the literature,12 the treatment
by Dr. Cossairt of the anion 2 with AsCl3 did lead to formation of AsP3 (eq. 1.4). However, unlike
the 70% isolated yield reported when using [(P3)Nb(ODipp)3]−, the observed spectroscopic yield
of AsP3 from the anion 2 was only 14%. This clearly demonstrates that the AsP3-forming reaction
is sensitive to the nature of the ancillary ligands. Similar treatment with PCl3 also led to the
appearance of the 31P NMR signal associated with P4.
[Na][(P3)Nb(N[Np]Ar)3] + ECl3
THF−−−−−−−−−−−−−−−→
−NaCl,−Cl2Nb(N[Np]Ar)3
EP3 (E = P, As) (1.4)
With such precedents in mind, other appropriate acceptors of P33− groups were investigated.
Although sources of P 3+5 are known in the literature, their synthesis is rather tedious.
36 However,
generation of [P5X2]+ cages were reported upon treatment of [DippNPCl]2 with GaCl3 in the
presence of P4.37 Once it became apparent that a similar reaction with PCl3 would be possible,
the [P5Cl2][Ga2Cl7] salt (31P NMR δ : +220,+80,−285 ppm) was prepared by treatment of PCl3
with GaCl3 in PhF. Next, a just-thawed solution of cyclo-P3 anion 2 in PhF was added to a frozen
solution of [P5Cl2][Ga2Cl7] and sealed inside an NMR tube. The sample was kept at −78 ◦C
before quickly analyzing it by 31P NMR spectroscopy; only P4 could was observed (eq. 1.5). Sim-
ilar observations were made when using the [(P3)Nb(ODipp)3]− anion (Dipp = 2,6-(iPr)2C6H3).
The reaction of the phosphide [P≡Nb(N[Np]Ar)3]− anion with the [P5Cl2]+ cation did not lead,
initially, to any observable features in the 31P NMR spectrum. However, upon warming up the
sample, the appearance and increase in intensity of the singlet corresponding to P4 could be ob-
served (eq. 1.6). All these observations are consistent with the transient formation of P6 and P8
molecules, which otherwise are known to be unstable allotropes with respect to P4.5,38
[(P3)Nb(N[Np]Ar)3]− + [P5Cl2]+
PhF−−−−−−−−−−→
−Cl2Nb(N[Np]Ar)3
[P8]→ 2 P4 (1.5)
[P≡Nb(N[Np]Ar)3]− + [P5Cl2]+ PhF−−−−−−−−−−→−Cl2Nb(N[Np]Ar)3 [P6]→ x P4 (1.6)
1.8 Concluding Remarks
We have been able to show for the first time how a metal–ligand multiple bond can be employed to
activate P4 molecules and how the activation mechanism is dependent upon solvent choice. Use of
weakly-coordinating solvents provides streamlined access to the anionic cyclo-P3 niobium anions
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2 and 2-W in high yield without any need for crown ethers in their isolation. The potential utility
of anion 2 as a P33− transfer agent can now be investigated. The use of THF as solvent for the
activation of P4 provides selective access to the cyclo-P5 niobium anion 3 following the Nb→P
transfer of an anilide group. Anion 3 exhibits an unusual binding motif among P5 ligands and
represents a rare example of controlled building of P4+n assemblies from P4 and a Pn source.
1.9 Experimental Details
1.9.1 General procedures
All manipulations were performed in a Vacuum Atmospheres model MO-40M glove box under
an inert atmosphere of purified N2. Dioxane was distilled from sodium–benzophenone, pyridine
from CaH2, while 2-methyltetrahydrofuran and 2,5-dimethyltetrahydrofuran were degassed and
stored over sieves for several months. All other solvents were obtained anhydrous and oxygen-
free by bubble degassing (N2) and purification using a Glass Contours Solvent Purification System
built by SG Water. Benzene-d6 was purchased from Cambridge Isotope Laboratories, degassed,
and stored over molecular sieves for at least two days prior to use. All glassware was oven-dried
at temperatures greater than 170 ◦C prior to use. 1H, 13C and 31P NMR spectra were obtained
on Varian Mercury 300, or Bruker Avance 400 instruments equipped with Oxford Instruments
superconducting magnets, and were referenced to residual C6D6 signals (1H = 7.16 ppm, 13C =
128.39 ppm).39 31P NMR spectra were referenced externally to 85% H3PO4 (0 ppm). Elemental
analyses were performed by Midwest Microlab LLC, Indianapolis, IN. White phosphorus was ac-
quired from Thermphos International. Compounds AsP3,12 [Na(OEt2)]2[P≡Nb(N[Np]Ar)3]2,13
[Na(OEt2)][(OC)5WP≡Nb(N[Np]Ar)3],11 and [Na(OEt2)][As≡Nb(N[Np]Ar)3]27 were prepared
according to literature protocols. Partial spectroscopic characterization of anions
[(η3-P3)Nb(N[Np]Ar)3]− (2) and [(OC)5W(P3)Nb(N[Np]Ar)3]− (2-W) has been reported previ-
ously.10
1.9.2 Isolation of [Na(OEt2)]2[(η3-P3)Nb(N[Np]Ar)3]2
[Na(OEt2)]2[P≡Nb(N[Np]Ar)3]2 (850 mg, 0.54 mmol, 1.0 equiv) was dissolved in 20 mL of
toluene and was combined with a P4 (67 mg, 0.54 mmol, 1.0 equiv) solution in 5 mL toluene.
The reaction mixture was allowed to stir for 30 minutes after which it was concentrated under
reduced pressure to a total of 5 mL. After addition of a few drops of THF, crystallization at –35 ◦C
yielded bright orange crystals. Further batches were obtained from hexane at –35 ◦C resulting in
a total of 510 mg (0.30 mmol, 56% yield) of analytically pure [Na(THF)]2[(P3)Nb(N[Np]Ar)3]2.
1H NMR (C6D6, 20 ◦C, 400 MHz) δ : 0.993 (s, 54 H, tBu); 1.444 (s, 8 H, THF); 2.278 (s, 36 H,
ArCH3); 3.618 (s, 8 H, THF); 3.945 (s, 12 H, NCH2); 6.548 (s, 6 H, p-Ar); 6.944 (s, 12 H, o-Ar)
ppm. 31P{1H} NMR (C6D6, 20 ◦C, 161.9 MHz) δ : –224 (s, 3 P) ppm; 31P{1H} NMR (THF, –90
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◦C, 202 MHz) δ : –178 (d, 2 P, 1JPP = 250 Hz), –203 (t, 1 P) ppm. Elemental analysis [%] found
(and calcd. for C86H136N6Na2Nb2O2P6): C 60.55 (60.63), H 8.09 (8.05), N 4.90 (4.93), P 11.09
(10.91).
1.9.3 Isolation of [Na(C8H16O4)2][(η3-P3)Nb(N[Np]Ar)3]
[Na(OEt2)]2[P≡Nb(N[Np]Ar)3]2 (505 mg, 0.32 mmol) was dissolved in 10 mL of diethyl ether
and was combined with a P4 (41 mg, 0.33 mmol, 1.0 equiv) solution in 3 mL toluene. The reaction
mixture was allowed to stir for 30 minutes after which it was filtered through a glass paper plug
and concentrated under reduced pressure to a total of 5 mL. After addition of 12-crown-4 (223
mg, 1.26 mmol, 4.0 equiv) in 3 mL of diethyl ether, the reaction mixture was stirred for another 15
minutes, and then layered with 5 mL of pentane and stored at –35 ◦C. The resulting orange powder
was collected on a fritted glass filter, washed with pentane, and dried in vacuo. The solvent was
removed from the filtrate in vacuo, and further material was obtained by washing the resulting
residue with pentane, yielding [Na(12-crown-4)2][(P3)Nb(N[Np]Ar)3] as a bright orange powder
(599 mg, 0.59 mmol, 83% yield).
1.9.4 Isolation of [Na(THF)][(OC)5W(P3)Nb(N[Np]Ar)3]
[Na(OEt2)][(OC)5WPNb(N[Np]Ar)3] (749 mg, 0.67 mmol) was dissolved in 20 mL of toluene and
was combined with a P4 (42 mg, 0.34 mmol, 0.5 equiv) solution in 5 mL toluene. The reaction
mixture was allowed to stir for 30 minutes after which time the reaction mixture was filtered,
dried under reduced pressure, and redissolved in hexane. Storage of this hexane solution at –35 ◦C
yielded an ochre powder. This and further batches were collected by filtration, resulting in a total
of 472 mg (0.41 mmol, 60% yield) of pure [Na(THF)][(OC)5W(P3)Nb(N[Np]Ar)3]. 1H NMR
(C6D6, 20 ◦C, 400 MHz) δ : 1.121 (s, 27 H, tBu); 1.373 (s, 4 H, THF) 2.120 (s, 18 H, ArCH3);
3.476 (s, 4 H, THF), 4.089 (s, 6 H, NCH2); 6.407 (s, 3 H, p-Ar); 6.842 (s, 6 H, o-Ar) ppm; 31P
NMR (Et2O, 20 ◦C, 161.9 MHz) δ : –219 (vbr s, 3 P) ppm.
1.9.5 Isolation of [Na(THF)x][(Ar[Np]N){η4-P5}Nb(N[Np]Ar)2]
[Na(OEt2)]2[P≡Nb(N[Np]Ar)3]2 (703 mg, 0.45 mmol) was dissolved in 10 mL of THF. Solid
P4 (114.0 mg, 0.92 mmol, 2.0 equiv) was added to the stirring solution at 20 ◦C, as the color of
the solution immediately changed from dark orange to dark red. After stirring for one hour, the
mixture was concentrated to ca. half of the volume. Pentane (ca. 5 mL) was added and the mixture
stored at –35 ◦C to yield bright, orange solids that were collected in several crops resulting in
a total of 762 mg (>71% yield) of pure [Na(THF)x<6][(Ar[Np]N){η1:4-P5}Nb(N[Np]Ar)2]. 1H
NMR (C6D6, 20 ◦C, 500 MHz): δ 7.33 (s, 2 H, o-Ar), 7.27 (s, 2 H, o-Ar), 7.20 (s, 2 H, o-Ar),
6.59 (s, 1 H, p-Ar), 6.54 (s, 1 H, p-Ar), 6.50 (s, 1 H, p-Ar), 4.34 (s, 2 H, CH2Nb), 4.32 (s, 2 H,
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CH2Nb), 3.74 (bs, 14 Hz, 2H, CH2P), 2.40 (s, 6 H, Ar-CH3), 2.24 (s, 6 H, Ar-CH3), 2.22 (s, 6 H,
Ar-CH3), 1.08 (s, 9 H, tBu), 1.02 (s, 9 H, tBu), 1.00 (s, 9 H, tBu) ppm. 31P{1H} NMR (C6D6,
20 ◦C, 121.5 MHz) δ : +82.2 (t, 1P, N-Pa, 1JPP = 377 Hz), –28.9 (vbr, 1 P, Pb), –42.5 (vbr, 1 P,
Pc), –77.2 (vbr, 1 P, Pd), –115.8 (vbr, 1 P, Pe) ppm. 31P{1H} NMR (THF, –80◦C, 161.9 MHz)
δ : +78.1 (t, N-Pa, 1Jab = 383 Hz, 1Jac = 405 Hz, 2Jad = –4.8 Hz), –5.4 (t, Pb, 1Jbd = 350 Hz,
2Jbe = 27 Hz), –39.7 (dd, Pc, 1Jce = 330 Hz, 2Jcd = –34 Hz), –59.3 (t, Pd , 1Jde = 351 Hz), –86.8
(t, Pe) ppm. 13C{1H} NMR (C6D6, 20 ◦C, 125.8 MHz) δ : 158.6 (i-ArNb), 153.9 (i-ArNb), 153.1
(i-ArP), 138.6 (m-ArNb), 138.4 (m-ArNb), 138.2 (m-ArP), 125.0 (p-ArNb), 123.2 (p-ArNb), 122.7
(o-ArNb), 122.6 (p-ArP), 120.5 (o-ArNb), 119.4 (o-ArP), 76.4 (CH2Nb), 70.5 (CH2Nb), 67.1 (CH2P),
38.6 (C(CH3)3)Nb, 36.5 (C(CH3)3)Nb, 36.2 (C(CH3)3)P, 31.0 (C(CH3)3)Nb, 29.9 (C(CH3)3)Nb, 29.4
(C(CH3)3)P, 22.5 (ArP-CH3), 22.1 (ArNb-CH3) ppm. Combustion analysis was not obtained due
to repeated and non-stoichiometric desolvation of the etherate.
1.9.6 Stoichiometry of P4 activation in benzene
[Na(OEt2)]2[P≡Nb(N[Np]Ar)3]2 (30 mg, 0.0189 mmol, 1.0 equiv) was combined with P4 (2.35
mg, 0.0189 mmol, 1.0 equiv) as a stock solution in C6D6 (1.5 mL). The reaction mixture was
allowed to stir for 10 minutes after which time PPh3 (3.93 mg, 0.015 mmol) was added as a stock
solution in C6D6. The reaction mixture was allowed to age for an additional 30 minutes before
NMR analysis was performed. The reaction between the phosphide dimer and P4 is clean and
quantitative using only 1.0 equiv of P4. The remaining P4 seen in the 31P NMR spectra is likely
due weighting errors from using such small scales. Employing the same procedure, but with an
excess of P4 (3.52 mg, 0.0284 mmol, 1.5 equiv; respectively 4.69 mg, 0.0378 mmol, 2.0 equiv),
resulted in exactly the same NMR spectra with evidence of unreacted P4.
1.9.7 Stoichiometry of P4 activation in THF
[Na(OEt2)]2[P≡Nb(N[Np]Ar)3]2 (41 mg, 0.026 mmol, 0.49 equiv) in THF (2 mL) was added
dropwise to a stock solution of P4 (8.5 mg, 0.069 mmol, 1.27 equiv) in THF (1 mL). The red
reaction mixture was allowed to stir for 10 minutes after which time PPh3 (14.1 mg, 0.054 mmol,
1.0 equiv) was added as a stock solution in THF. The reaction mixture was allowed to age for an
additional 30 minutes before NMR analysis was obtained. The reaction between the phosphide
ion and P4 is essentially selective for the formation of the anion 3 , with small amounts of anion 2
(under 5%) also being formed (Fig. 1-7).
1.9.8 Product distribution versus solvent for the activation of P4
Solid P4 (13 mg, 0.10 mmol, 2.7 equiv) was added in excess to a solution of phosphide
[Na(OEt2)]2[P≡Nb(N[Np]Ar)3]2 (30 mg, 0.038 mmol, 1.0 equiv) and the mixture was allowed
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to stir for 1 h before the product mixture was analyzed by 31P NMR spectroscopy. The anilide–
bound phosphorus signal (at ∼ +80 ppm) of 3 was integrated versus the signal of 2 (at ca. −200
ppm). This data is summarized in Table 1.1 (Fig. 1-7).
1.9.9 Reactivity of phosphide with P4 in CH2Cl2
A freshly prepared CH2Cl2 solution (0.5 mL) of [Na(OEt2)]2[1]2 (30 mg, 0.019 mmol, 0.5 equiv)
was transferred into a vial containing solid P4 (13 mg, 0.10 mmol, 2.7 equiv). The resulting
mixture was stirred well for one hour, after which time the 31P NMR spectrum was recorded. A
product consistent with the formulation RCH2-(µ,η1:2-P3)Nb(N[Np]Ar)3 was observed but not
isolated. 31P NMR δ : −102 (d, 1JPP = 210 Hz, 2 P), −156 (tt, 2JPH = 8 Hz, 1 P) ppm.
1.9.10 Generation of AsP3 from the cyclo-P3 anion
[Na(OEt2)]2[2]2 (75 mg, 0.044 mmol, 0.5 equiv) was dissolved in 2 mL of THF and frozen in
a glove box cold-well. Upon thawing, AsCl3 (16 mg, 0.088 mmol, 1.0 equiv) was added under
stirring using a 10 µL syringe. The reaction mixture was allowed to stir for 30 minutes during
which time it became heterogeneous. The mixture was taken to dryness under reduced pressure,
and the resulting residue was slurried in C6D6, and filtered through Celite© pads. P4 (4.6 mg,
0.037 mmol, 0.42 equiv) was added from a stock solution in C6D6 to be used as internal standard
for 31P NMR spectroscopy. Signals corresponding only to Cl2Nb(N[Np]Ar)3 (1H NMR) and AsP3
(31P NMR) were observed.
1.9.11 Reactivity of niobium arsenide with P4
[(Et2O)Na][As≡Nb(N[Np]Ar)3] (30 mg, 0.036 mmol, 1.0 equiv, prepared by Dr. Heather Spin-
ney) was dissolved in 5 mL of Et2O giving a bright yellow solution, which was added to a vial
containing solid P4 (5 mg, 0.040 mmol, 1.1 equiv). The reaction mixture was allowed to stir for 20
minutes as the color changed to orange. Volatile materials were removed under vacuum, and the
red-orange residue was dissolved in C6D6 for NMR analysis. The 1H NMR spectrum also con-
tains signals indicative of free aniline ligand and many other unidentifiable species. In addition to
the mixed cyclo-E3 complexes, the 31P NMR spectrum shows broad, overlapping peaks appear at
approximately 0 ppm.
1.9.12 Reactivity of niobium phosphide with AsP3 in Et2O
[Na(OEt2)]2[1]2 (27 mg, 0.017 mmol, 1.0 equiv) was dissolved in 5 mL of Et2O giving a bright
yellow solution which was added to a vial containing solid AsP3 (6 mg, 0.034 mmol, 2.0 equiv).
The reaction mixture was allowed to stir for 20 minutes during which time the color changed
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to orange. The volatile components of the reaction mixture were removed and the resulting
orange residue was dissolved in C6D6 for NMR analysis, revealing a mixture of
[(AsxP3−x)Nb(N[Np]Ar)3]− anions (for x = 0, 1, 2, but possibly also 3).
1.9.13 Reactivity of niobium phosphide with AsP3 in THF
In an NMR tube, a solution of AsP3 (17 mg, 0.10 mmol, 2.0 equiv) in THF was frozen on top
of a frozen layer of [Na(OEt2)]2[1]2 (80 mg, 0.05 mmol, 1.0 equiv) in THF. The tube was sealed
and thawed right before introducing the sample in a pre-cooled NMR probe. 31P NMR spectra
obtained at −80 ◦C are consistent with the formation of at least four of the possible five isomers
of the cyclo-AsP4 anion [(Ar[Np]N){η4-AsP4}Nb(N[Np]Ar)2]−. Allowing the sample to stay at
room temperature of 24 h led to the disappearance of two of these isomers (Fig .1-6).
1.9.14 Activation of P4 with [(12-crown-4)2Na][PNb(N[Np]Ar)3]
Two suspensions of [(12-crown-4)2Na][P≡Nb(N[Np]Ar)3] (28 mg, 0.026 mmol, 1.0 equiv) were
prepared in ether and in THF. P4 (3 mg, 0.025 mmol, 1.0 equiv) was syringed from stock solutions
in benzene and THF, respectively. The two samples were stirred for 5 min until all solids dissolved,
and the two mixtures were then analyzed by 31P NMR spectroscopy. Both mixtures gave spectra
indicating the formation of the cyclo-P5 anion 3 and a very small amount of the cyclo-P3 anion
2. Quantification of the product distribution was not possible due to the low solubility of the two
reaction products, as even within minutes crystals were observed to form on the bottom of the
tube.
1.9.15 Treatment of niobium–phosphorus anions with the [P5Cl2]+ cation
The [P5Cl2][Ga2Cl7] (31P NMR δ : +220,+80,−285 ppm) salt was prepared following a modified
literature procedure37 by treating a mixture of P4 with GaCl3 in fluorobenzene, and the recrystal-
lizing the product from a fluorobenzene–hexane mixture.
A cold (−35 ◦C) solution of [P5Cl2][Ga2Cl7] (30 mg, 0.049 mmol, 1.0 equiv) in fluoroben-
zene (0.5 mL) was added to a cold (−35 ◦C) fluorobenzene solution (0.5 mL) of [Na(OEt2)]2
[P≡Nb(N[Np]Ar)3]2 (49 mg, 0.049 mmol, 1.0 equiv) and the mixture was quickly transferred to
an NMR tube and frozen in dry ice–acetone bath. 31P NMR spectroscopy of the just-thawed mix-
ture showed no signals initially, but after a few minutes, the peak corresponding to P4 appeared
and grew in intensity.
A cold (−35 ◦C) solution of [P5Cl2][Ga2Cl7] (19 mg, 0.031 mmol, 1.0 equiv) in fluorobenzene
(0.5 mL) was added to a cold (−35 ◦C) fluorobenzene solution (0.5 mL) of [Na(12-crown-4)2]
[(P3)Nb(N[Np]Ar)3] (35 mg, 0.031 mmol, 1.0 equiv) and the mixture was quickly transferred
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to an NMR tube and frozen in dry ice–acetone bath. 31P NMR spectroscopy of the just-thawed
mixture showed only the peak corresponding to P4 growing in intensity with time.
A cold (−35 ◦C) solution of [P5Cl2][Ga2Cl7] (12 mg, 0.020 mmol, 1.0 equiv) in fluoroben-
zene (0.5 mL) was added to a cold (−35 ◦C) fluorobenzene solution (0.5 mL) of [Na(THF)3]
[(P3)Nb(ODipp)3] (19 mg, 0.020 mmol, 1.0 equiv) and the mixture was quickly transferred to an
NMR tube and frozen in dry ice–acetone bath. 31P NMR spectroscopy of the just-thawed mix-
ture showed a few resonances around −220 ppm which disappear after a few minutes with the
formation of P4.
1.9.16 Attempted trapping of P2 species with 1,3-dienes
To a [Na(OEt2)]2[P≡Nb(N[Np]Ar)3]2 (20 mg, 0.026 mmol, 1.0 equiv) solution in 1,3-cyclohexa-
diene (1 mL), a P4 (41 mg, 0.33 mmol, 12 equiv) solution in 2 mL 1,3-cyclohexadiene was added
dropwise. The mixture was stirred for 10 minutes, after which all volatile materials were removed
and the sample was dissolved in C6D6 for NMR analysis. Only the formation of free anilide ligand
and the cyclo-P3 anion [2]− could be observed, there being no indication of the formation of the
trapping product P2(C6H8)2.11
To a [Na(OEt2)]2[P≡Nb(N[Np]Ar)3]2 (20 mg, 0.026 mmol, 1.0 equiv) solution in 2,3-dime-
thylbutadiene (1 mL), P4 (3 mg, 0.025 mmol, 1.0 equiv) was syringed from a stock solution in
benzene. The color darkened slowly and the mixture was allowed to stir for 10 min. After remov-
ing all volatiles under reduced pressure, PPh3 was added as an internal standard, and the resulting
mixture was redissolved in C6D6. NMR spectra indicated the formation of free anilide ligand and
the anion 2 , with no indication of formation of the trapping product P2(C6H10)2.31
To a [Na(OEt2)]2[(OC)5WPNb(N[Np]Ar)3]2 (27 mg, 0.025 mmol, 1.0 equiv) solution in 2,3-
dimethylbutadiene (1 mL), P4 (3 mg, 0.025 mmol, 1.0 equiv) was added by a syringe from a stock
solution in benzene. The color darkened slowly and after letting the mixture stir for 30 mins before
removal of volatile materials and redissolving in C6D6. NMR spectra indicated the formation of
free anilide ligand and the anion 2-W, without any indication of formation of the trapping product
(OC)5WP2(C6H10)2.
1.9.17 X-ray crystallographic studies
Diffraction-quality orange crystals of [Na(THF)]2[2]2 were grown from toluene at –35 ◦C after
the sample had been exposed to THF. Red crystals of [Na(THF)6][3] were grown from a THF–
pentane mixture at –35 ◦C. The crystals were mounted in hydrocarbon oil on a nylon loop or
a glass fiber. Low-temperature (100 K) data were collected on a Siemens Platform three-circle
diffractometer coupled to a Bruker-AXS Smart Apex CCD detector with graphite-monochromated
Mo Kα radiation (λ = 0.71073 A˚) performing φ - and ω-scans. A semi-empirical absorption
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correction was applied to the diffraction data using SADABS.40 All structures were solved by
direct or Patterson methods using SHELXS41,42 and refined against F2 on all data by full-matrix
least squares with SHELXL-97.42,43 All non-hydrogen atoms were refined anisotropically. All
hydrogen atoms were included in the model at geometrically calculated positions and refined using
a riding model. The isotropic displacement parameters of all hydrogen atoms were fixed to 1.2
times the Ueq value of the atoms they are linked to (1.5 times for methyl groups).
No uncoordinated solvent molecules and no disorders were observed for the structure of
[Na(THF)]2[2]2. For [Na(THF)6][3], refinement was initially attempted in the C2/c space group,
which yielded an unsatisfactory solution with large disorders, especially for the phosphorus-bound
anilide ligand. The structure refined with fewer disorders as a racemic twin in the Cc space group,
with two inequivalent molecules per asymmetric unit. The disorder in ten of the 12 THF rings
were refined within SHELXL with the help of rigid bond restraints as well as similarity restraints
on the anisotropic displacement parameters for neighboring atoms and on 1,2- and 1,3-distances
throughout the disordered components.44 The relative occupancies of disordered components were
refined freely within SHELXL. Further details are provided the table below, and in the form of .cif
files available from the CCDC.45
1.9.18 Computational studies
All DFT calculations were carried out using ORCA 2.8 quantum chemistry program package from
the development team at the University of Bonn.35 In all cases the LDA functional employed was
that of Perdew (PW-LDA)46 while the GGA part was handled using the functionals of Becke
and Perdew (BP86).47 In addition, all calculations were carried out using the Zero-Order Reg-
ular Approximation (ZORA),48 in conjunction with the SARC-TZV(2pf) basis set for niobium,
the SARC-TZV basis set hydrogen, and SARC-TZV(p) set for all other atoms.49 Spin-restricted
Kohn–Sham determinants have been chosen to describe the closed-shell wavefunctions, employing
the RI approximation and the tight SCF convergence criteria provided by ORCA. All calculations
were re-optimized using the COSMO solvation model as implemented in ORCA, set for either the
dielectric constant of toluene or that of THF.50
All structures were derived from the reported crystal structures by truncating the anilide lig-
and to NMePh. Plausible intermediate structures were derived from the optimized structure of
[PNb(NMePh)3]− by building likely intermediates and allowing them to optimize with looser
convergence criteria and using an economical basis set: SV for nonmetals and TZV(p) for nio-
bium. Single point calculations were run to determine the final energies with the following basis
set: TZV(2pf) for niobium, TZV(p) for hydrogen, TZV(2d) for all other atoms. The coordinates
of the optimized structures for the three anions, the three intermediates, P2, and P4 are provided as
appendices to this manuscript.
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Abstract
Irradiation of solutions containing P4 and readily available 1,3-dienes produced bicyclic organic
diphosphanes in a one-step, metal-free protocol. Use of 2,3-dimethylbutadiene allowed the iso-
lation of the diphosphane P2(C6H10)2 (3,4,8,9-tetramethyl-1,6-diphosphabicyclo[4.4.0]deca-3,8-
diene) in good quantities (0.5 g per batch, ≈20% yield). Other dienes such as 1,3-butadiene,
isoprene, 1,3-pentadiene, and 1,3-cyclohexadiene also provided evidence for incorporation of P2
units via double Diels–Alder reactions. However, they could not be isolated in significant quanti-
ties using a bulk photolysis setup, most likely due to competing diene polymerization reactions. A
flow photolysis setup involving continuous recycling of the reaction mixture was investigated as
a solution to the aforementioned limitations. The solid-state structures of the diphosphane prod-
ucts resulting from 2,3-dimethylbutadiene and 1,3-butadiene showed a flexible, yet robust bicyclic
framework. Investigations into the physical and chemical characteristics of P2(C6H10)2 showed
an increased stability towards cleavage of the P–P bond compared to other reported diphosphanes,
likely due to its bicyclic nature. Theoretical investigations on possible pathways for forming two
P2 molecules from photo-excited P4 revealed that a direct dissociation via the simultaneous break-
ing of four P–P bonds along a highly symmetric (D2d) reaction pathway is feasible.
Reproduced in part with permission from: Tofan, D.; Cummins, C. C. Angew. Chem. Int. Ed. 2010, 49, 7516–7518;
ToC graphic shown below; ©2010 Wiley-VCH.
P
P P
P P P
UV
P
P
33
CHAPTER 2.
Contents
2.1 Background: Search for a Direct Route to Diphosphorus Units . . . . . . . 35
2.2 Trapping of P2 Units from the Photolysis of P4 with 1,3-Dienes . . . . . . . 36
2.2.1 Feasibility of Splitting P4 into Two P2 Molecules with UV Radiation . 36
2.2.2 Initial Investigations into Trapping of P2 Units with 1,3-Dienes . . . . . 37
2.2.3 2,3-Dimethylbutadiene as an Optimal Photolysis Partner . . . . . . . . 39
2.2.4 Optimized Conditions for the Photolyis of P4 and 2,3-Dimethylbutadiene 41
2.2.5 Substrate Scope for the Photochemical Trapping of P2 Units . . . . . . 42
2.2.6 Photolysis of P4 in Flow as an Alternative to Bulk Photochemistry . . . 44
2.3 Characteristics of Bicyclic Diphosphanes Containing P–P Bonds . . . . . . 47
2.3.1 Structural and Spectroscopic Features . . . . . . . . . . . . . . . . . . 47
2.3.2 Chemical Reactivity of Bicyclic Diphosphanes . . . . . . . . . . . . . 51
2.4 Computational Insights into the Dissociation of Photo-excited P4 . . . . . . 53
2.4.1 A Pathway Involving a Sequential Dissociation Coordinate . . . . . . . 53
2.4.2 A Pathway Involving a Direct Dissociation Coordinate . . . . . . . . . 55
2.5 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
2.6 Experimental Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
2.6.1 General synthetic details . . . . . . . . . . . . . . . . . . . . . . . . . 58
2.6.2 Photochemical setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
2.6.3 Optimized synthesis of diphosphane P2(C6H10)2 (5) via bulk irradiation 59
2.6.4 Synthesis of diphosphane 5 optimized for conversion yield from P4 . . 60
2.6.5 Synthesis of diphosphane P2(C4H6)2 (5′) . . . . . . . . . . . . . . . . 61
2.6.6 Generation of diphosphane P2(C5H8)2 (6) . . . . . . . . . . . . . . . 61
2.6.7 Generation of diphosphane P2(C6H8)2 (4) . . . . . . . . . . . . . . . 61
2.6.8 Synthesis of diphosphine Me2P(C6H10)2PMe (7) . . . . . . . . . . . . 62
2.6.9 Flow photochemistry setup . . . . . . . . . . . . . . . . . . . . . . . . 62
2.6.10 Theory and computational methods for the photolytic cleavage of P4 . . 63
2.6.11 X-ray crystallographic details . . . . . . . . . . . . . . . . . . . . . . 66
2.7 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
34
CHAPTER 2.
: :
Scheme 2.1: Previous route to the tetracyclic diphosphane 4 (right) required a niobium trisanilide
complex as a “P2-eliminator” (left).
2.1 Background: Search for a Direct Route to Diphosphorus Units
A well-recognized green chemistry imperative for the industrial synthesis of phosphorus-containing
compounds is avoiding PCl3 as an intermediate by developing methods for the direct incorpora-
tion of phosphorus atoms into organic molecules from P4.1–3 While transition-metal mediated or
catalyzed processes have been envisioned as a solution to this problem,1,2 P4 activation by main-
group element compounds, including carbenes3,4 and radicals,5 has been recently offered as a
potentially viable alternative. The work described in this chapter summarizes how photochemical
activation should be added to the aforementioned palette of methods.
A niobium-based method for thermal transfer of P2 to 1,3-dienes has been described previously
(Scheme 2.1).6 However, this method is of limited preparative value due to the multi-step nature
of the synthesis, as it involves over ten steps from commercial sources and yields only around 15
milligrams of tetracyclic diphosphane per run.6 A simpler route to generating such bi- or tetra-
cyclic P2R4 diphosphanes derived from P2 transfer to organic 1,3-dienes was sought in order to
make them readily available for detailed scrutiny. After several methods were investigated, an
incredibly simple, one-step procedure was uncovered. We have developed an atom-economical
and operationally simple combination of P2 units with two organic diene molecules by photolyzing
P4 in the presence of commercially available dienes to produce the bicyclic diphosphanes while
avoiding any metal-mediated steps.
In 1937, Rathenau suggested that the conversion of white phosphorus to red phosphorus un-
der UV irradiation using a mercury lamp involves the unimolecular dissociation of P4 into P2
molecules, followed by the recombination of the latter into red phosphorus.7 Notably, when P4 in
CCl4 was exposed to only visible light up to 100 ◦C, red phosphorus was found to be the predom-
inant product.8 In one report on the P4 co-photolysis with metal carbonyl complexes, Dahl et al.
mentions in reference to Rathenau’s work that “P4 in solution photolyzes readily to P2 at ambi-
ent temperatures.”9 There have been several other reports on the co-photolysis of P4 with metal
carbonyl complexes and generation of metal-phosphorus products,10,11 yet we have not been able
to find any reports on using the photolysis of P4 molecules for the direct inclusion of phosphorus
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Figure 2-1: Absorption features of P4 vapor in equilibrium with the melt at 61.7 ◦C (reproduced
from literature; Copyright © 1965, American Institute of Physics).12 The electronic spectrum is
shown on top for the 180–125 nm range (ε = 45,300 × optical density), while the absorption
spectrum is shown on bottom for the 190–300 nm range (ε = 5,100 × optical density).
atoms into organic molecules.
2.2 Trapping of P2 Units from the Photolysis of P4 with 1,3-Dienes
2.2.1 Feasibility of Splitting P4 into Two P2 Molecules with UV Radiation
The absorption properties for P4 in the gas phase at 62 ◦C have been reported in the UV region
below 300 nm (absorption spectra have been reproduced in Fig. 2-1).12 In the far UV range (125–
180 nm), P4 exhibits strong absorption features (ε > 5,000 M−1cm−1), while in the near UV
(>280 nm) it is essentially transparent (ε < 100 M−1cm−1). In the mid-UV range (180–300 nm),
P4 exhibits two peaks with λmax near 200 nm and 225 nm (ε = ca. 3,000 and 2,500 M−1cm−1).
These features limit the use of commercial UV irradiation sources for photolysis of P4 . The
only commercial lamps that emit at such high energies are non-broadband lamps with the low-
pressure mercury vapors. The these emit predominantly at 253.7 nm, but depending on the purity
of the quartz glass, it may also irradiate at 184.9 nm — for the investigated manufacturers the
latter was up 20% of the total output. At these two wavelengths, gaseous P4 has molar absorption
coefficients of ca. 1,800 M−1cm−1 and just under 400 M−1cm−1, respectively. While the higher
energy band of the low-pressure mercury lamps would be preferable, these lamps generally have
a lower power output and also produce ozone from atmospheric O2. There are several commercial
lasers that may irradiate at select wavelengths in this UV range, and would have much more intense
power outputs. These include ArF excimer (193 nm) and KrCl (222 nm) excimer lasers, He-Ag+
(224.3 nm) and Ne-Cu+ (248–270 nm) ion lasers, as well as high harmonic generation of Nd:YAG
(213, 266 nm), alexandrite (185–215, 240–280 nm), and Ti:sapphire (250–300 nm) lasers.13
The reaction enthalpy for P4→ 2P2 is experimentally measured to be +53.8± 0.7 kcal/mol.14
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Figure 2-2: Spectral output of the mercury lamps used for the photolysis of P4 from data provided
by the vendor (Southern New England Ultraviolet Company).
This corresponds to absorption of a 530 nm photon by a molecule of P4. However, due to kinetic
reasons, the dissociation occurs spontaneously only at 1100 K as the reaction becomes entropically
driven.15,16 In terms of photochemistry, as discussed above, P4 is experimentally known to pos-
sess two lower-energy excitations at 5.1 eV and 5.9 eV, with more strongly absorbing manifolds
of excitations above 7 eV.12,17 The lower-energy electronic excitations are interpreted as being
HOMO-LUMO in character, although there are symmetry-imposed restrictions on the allowed
transitions.
2.2.2 Initial Investigations into Trapping of P2 Units with 1,3-Dienes
The information presented above points out that photolytic cleavage of a P4 molecule into two P2
molecules may be achieved using commercially available light sources. However, a photo-excited
molecule of P4 may not necessarily undergo cleavage even if it possesses more than sufficient
energy for such a transformation. The activation barrier may be sufficiently large for the cleavage
not to occur, or alternative unproductive pathways may be preferred such as the formation of a
P4 diradical and subsequent polymerization into red phosphorus. However, literature precedents
indicate that such a polymerization may not occur, and that the photochemical conversion of P4 to
red phosphorus may occur through a unimolecular mechanism.7 P2 molecules (or their synthetic
analogues) were proven to be feasible intermediates that exhibit sufficiently long lifetimes to be
intercepted by some other molecules such as 1,3-dienes.6 Indeed, we did find that upon using
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Scheme 2.2: One-step synthesis of bicyclic diphosphanes with the proposed involvement of P2 as
a reaction intermediate. R2 = Me2 for 5, H2 for 5′, and (Me)(H) for 6.
a mercury lamp that irradiates predominantly at 254 nm (Fig. 2-2), the photolysis of P4 in the
presence of 1,3-dienes affords the trapping products of diphosphorus units through a formal double
Diels–Alder addition of diene molecules (Scheme 2.2).
Initial experiments focused on generating the previously reported6 tetra-cyclic diphosphane
P2(C6H8)2 (4) via irradiation of a mixture of P4 and 1,3-cyclohexadiene (CHD). While appearance
of the characteristic sharp singlet of the targeted diphosphane product at−80 ppm in the 31P NMR
spectra of crude product mixtures was encouraging, only small quantities (on the order of several
milligrams) of diphosphane 4 could be isolated. The yields of desired diphosphane did not increase
even when the reaction was performed in P4-saturated solutions of neat CHD.
The formation of a significant amount of white, polymeric material was consistently observed.
Polydienes are generated industrially via alkyllithium-based anionic polymerization,18,19 but poly-
merizations involving metal-catalysts and radical initiators have also been developed.19–21 In fact,
all liquid conjugated dienes are sold commercially with stabilizers that prevent radical reactions,
including polymerizations. CHD itself is known to also undergo other photochemical transforma-
tions with UV irradiation.22 Furthermore, 1,3-cyclohexadiene does exhibit a significant absorption
band with a λmax at 258 nm (ε = 4300 M−1cm−1).22 Since irradiation likely led to the polymer-
ization of CHD, alternative dienes were investigated.
Due to their conjugation, 1,3-dienes have a decreased pi-pi∗ gap compared to organic com-
pounds containing isolated C=C double bonds, and absorb significantly in the mid-UV range.
However, for acyclic 1,3-dienes, this gap is slightly larger, and increases further if no substituent
groups are present. For example, in the case of 1,3-butadiene the λmax is at 217 nm, while for
2,3-dimethylbutadiene it is at 228 nm.23 However, in their ground state, these acyclic dienes adopt
an s-trans geometry that cannot undergo Diels–Alder transformations. Nevertheless, replacing
CHD with acyclic conjugated dienes led to significantly improved yield, perhaps indicating that
the putative P2 intermediate is sufficiently long-lived to be trapped by the small amounts of s-cis
isomer.
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Figure 2-3: 3,4,8,9-Tetramethyl-1,6-diphosphabicyclo[4.4.0]deca-3,8-diene (diphosphane 5,
P2(C6H10)2).
2.2.3 2,3-Dimethylbutadiene as an Optimal Photolysis Partner
The photolysis of hexane solutions containing P4 and 2,3-dimethyl-1,3-butadiene (DMB) in slight
excess led to the appearance of a singlet in the 31P NMR spectra at −53.8 ppm, indicative of for-
mation of the desired Diels-Alder cycloaddition product 3,4,8,9-tetramethyl-1,6-diphosphabicy-
clo[4.4.0]deca-3,8-diene (5, P2(C6H10)2,24 Fig. 2-3, Scheme 2.2). This molecule has only been
previously reported as a ligand in a (OC)5WP2(C6H10)2 (5-W) complex,6 and is closely related to
the mixed-pnictogen ligand of the complex (OC)5W(AsP(C6H10)2).25
The conversion of P4 into the diphosphane 5 was observed spectroscopically to proceed with
good conversions on scales up to hundreds of milligrams. Repeated optimization of reaction con-
ditions enabled the isolation of up to ca. 0.5 grams per batch and 20% yields. Still, the product
5 is itself unstable under the harsh conditions of 254 nm irradiation and starts decomposing as
the reaction progresses. In fact, its extinction coefficient at 254 nm was measured to be around
seven times larger than that of P4. This leads to the diphosphane being slowly converted into sev-
eral new phosphorus-containing products which resonate between−33 and−36 ppm in 31P NMR
spectrum. Hence, the concentration of desired diphosphane achieves a maximum, after which it
decreases, and eventually goes to zero once all of the P4 is consumed. A control reaction confirmed
that 5 alone does indeed undergo such a decomposition under the UV radiation.
Irradiation of a homogeneous solution of DMB and P4 in hexane led to the appearance of a
colorless precipitate in the reaction mixture within 30 minutes. As diphosphane 5 is transformed
into the unidentified products, the mixture acquires a pale yellow coloration. Continued irradiation
of the reaction mixture led to the formation of copious amounts of a thick, fluffy precipitate (Fig. 2-
4). It was not clear if this solid consisted of the desired diphosphane product precipitating from
the mixture, but later experiments strongly indicated that it consists mainly of DMB polymer.26
A plastic, off-white material could be obtained after vigorous washing (from the flow experiments
discussed below), which is likely indicative of little inclusion of phosphorus atoms, which in turn
would afford a yellow or orange coloration instead.
In addition to this precipitate, a yellow coating appears on the glass at the contact points with
the solution. The most likely explanation is that the precipitate layers the surface of the glass
but traps a small amount of the reaction mixture. This mixture becomes depleted in diene, after
which the remaining P4 undergoes cleavage to P2 units. As a result of local depletion of diene, P2
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can only undergo oligomerization or attach to the polymer chains, leading to colored material that
strongly absorbs the UV irradiation. Extended exposure to UV radiation led to increase in coating
to the point where the flux of photons was essentially shut down. Higher yields were indeed
obtained when the round reaction flask was filled to less than half of its volume with solution to
maximize the surface area where no such deposits are possible and the flask was lowered inside
the photoreactor such that flux of photons was maximized from above.
The only coating found above the level of the solution resulted from vapors of either P4 or
diene (Fig. 2-4). The boiling point go DMB is at 69 ◦C, while the vapor pressure of P4 is ca. 1 torr
at the temperatures measured inside the irradiation chamber of up to 70–75 ◦C. However, cooling
the chamber with a fan slowed down the rate of polymer formation and appearance of coating
above the solution from the P4 and diene vapors. In addition, splashing above the solution was
prevented when stirring was removed. This coating could be removed upon washing the flask with
bleach, and did not require the harsh cleaning agents (aqua regia) that were necessary for the CHD
batches.
At no point during the irradiation process was an orange or red residue observed, which would
be consistent with the production of red phosphorus.7 Red residues are only visible above the
solvent level upon extended irradiation (Fig. 2-4), originating from P4 vapors. On the other hand,
upon replacing DMB with a less reactive diene such as furan,27 copious amounts of deep-red
precipitates were observed to form early in the photolysis, indicative of red phosphorus generation.
These observations are suggestive that diphosphorus molecules are indeed formed from the UV
photolysis of P4 and undergo Diels–Alder reactivity only with sufficiently electron-rich conjugated
dienes.
Solid samples of white phosphorus are typically stored away from light. Otherwise, the sur-
face of solid P4 turns yellow, orange, and eventually red as a result of slow conversion to red
phosphorus. This corresponding process occurs in solution, as exposing a hexane solution of P4
for very extended periods of time (over two months) to ambient light led to the formation of easily
observable amounts of a dark red precipitate characteristic of red phosphorus. However, adding
small amounts of DMB to such a solution, and exposing this mixture to identical lighting con-
ditions did not lead to any observable precipitate. Working up the mixture (vide infra) after two
months allowed for the detection of trace amounts of diphosphane 5, suggesting that even small
amounts of diene can trap P2 molecules at very low concentrations. In this situation, P2 is likely
generated slowly from the extremely small amount of UV radiation present in ambient light.
Diphosphane 5 was isolated from the reaction mixture by filtration through a short column of
alumina, and rinsing first with pentane, then with diethyl ether. Unreacted P4 could be recovered
from the hexane–pentane filtrate in appreciable amounts. No other 31P NMR-active species re-
mained in the alkane fraction, as the remaining non-volatile materials are likely DMB oligomers.
The desired diphosphane 5 was obtained from the pale-yellow diethyl ether filtrate as a pale-
yellow, waxy residue. Analytically pure, colorless crystals were obtained after recrystallization of
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Figure 2-4: Typical aspect of the quartz flask throughout the irradiation period of a mixture of P4
and 2,3-dimethylbutadiene.
this latter residue from hot toluene by allowing it to slowly cool to −35 ◦C. Repeated recrystal-
lizations allowed for almost complete recovery of the desired diphosphane 5 from the filtrate after
three cycles, leaving behind oily residues containing only byproducts. Additional rinsing of the
alumina column with THF produced an intense-yellow filtrate that contained only small amounts
of unidentified byproducts. Rinsing with copious amounts of THF left a colorless layer of solid
material on top of the alumina, likely consisting of DMB polymer.
2.2.4 Optimized Conditions for the Photolyis of P4 and 2,3-Dimethylbutadiene
The photolytic cleavage of P4 molecules is likely the rate-limiting step in the formation of diphos-
phanes and, given that excess DMB leads to the formation of unwanted diene polymer, excess P4
was used in order to maximize the yield of 5. The optimal results were obtained when starting
from a saturated P4 solution in hexane (ca. 0.06 M) and a sub-stoichiometric amount (ca. 50%)
of DMB. A 250 mL round quartz flask was filled with about 120 mL of hexane solution and ir-
radiated for 14–16 hours. This yielded on average, half a gram of purified diphosphane 5, which
corresponds to a yield of ca. 20% based on the amount of diene used. Considering that about a
third of the P4 added to the reaction mixture could also be recovered, the yield of converted P4
was around 15%.
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Alternatively, the reaction conditions can be optimized for the highest conversion of P4 into
the desired product. Using a slight excess (ca. 10%) of diene allows for isolated yields of 5 of up
to 15%. When taking into account the recovery of the unconsumed P4, corrected isolated yields
in excess of 34% were obtained. Moreover, spectroscopic quantification of the crude reaction
mixtures with an internal standard (PPh3) indicated conversion yields as high as 26%, and up to
44% when correcting for unreacted P4.
Increased yields may be achieved if the rate of formation of the coating is decreased by using
a solvent in which DMB oligomers have higher solubility. Investigations using THF as a solvent
gave similar yields. Alternatively, using benzene as a solvent led to a decrease in conversion rates
(qualitatively to around a half), likely due to solvent molecules absorbing part of the flux of UV
photons (the UV cutoff for benzene is 280 nm).28 The use of other solvents is notably limited by
the solubility of P4 as well as transparency around 254 nm. Relatively few common solvents have
a UV cutoff below 250 nm: acetonitrile (190 nm), water (191 nm), hexane (195 nm), cyclohexane
(195 nm), methanol (201 nm), ethanol (204 nm), tetrahydrofuran (212 nm), diethyl ether (215 nm),
dioxane (215 nm), dichloromethane (220 nm), chloroform (237 nm),29 but P4 is quite insoluble in
most of these.
One interesting question about the photolysis of P4 was if it could produce desired reactivity
in the presence of contaminants. For example, if the photolysis were to proceed through radical
intermediates, the rate of the desired transformation would be reduced in the presence of radical
inhibitors. BHT (butylated hydroxytoluene, 2,6-bis(1,1-dimethylethyl)-4-methylphenol) has been
found to be present in all commercial samples of DMB as stabilizer. It can prevent the formation of
peroxides as well as decomposition through radical polymerization by scavenging the free radicals
through the hydrogen atom from the cleavage of the weak O–H bond.30 Notably, the photolysis
appeared to proceed unaffected (qualitatively) by the presence of large amounts (≈0.1 equiv) of
BHT. This suggests that a radical mechanism is likely not involved in the photolysis of P4 and
formation of diphosphanes, but also that careful purification of the diene reagent is not neces-
sary. The use of impure samples of P4 (such as samples recovered from previous batches without
purification) does not affect the yields of isolated material as long as sufficient excess is used.
2.2.5 Substrate Scope for the Photochemical Trapping of P2 Units
A similar Diels–Alder transformation was obtained when DMB was replaced with the simplest
possible conjugated diene: 1,3-butadiene. The diphosphane product 1,6-diphosphabicyclo-
(4.4.0)deca-3,8-diene (5′, P2(C4H6)2, Scheme 2.2) is characterized by a resonance at −70.4 ppm
in the 31P NMR spectrum, and could also be isolated pure as colorless crystals (albeit in only
ca. 1% yield, unoptimized).
Alternatively, use of isoprene (2-methyl-1,3-butadiene) as a P2 acceptor gave a singlet signal
in the 31P NMR spectrum at −57 ppm and a pair of doublets at −54 and −60 ppm (1JPP = 377
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Figure 2-5: 31P NMR spectra (at three different fields) for the trapping with isoprene reveals a
≈1:1 ratio for the two isomers of diphosphane 6. The pseudo-C2 symmetric isomer with two
methyl groups in the 3 and 8 positions exhibits a singlet (−57.9 ppm), while the 3,9-dimethyl
isomer exhibits a pair of doublets (−54.9 and −60.0 ppm, 1JPP = 377 Hz).
Hz, Fig. 2-5). While this is consistent with the production of both possible isomers of P2(C5H8)2
(6, Fig. 2-5), separation of the pure isomers (3,8-Me2 and 3,9-Me2) has not been successful yet.
Photolysis in the presence of piperylene (1,3-pentadiene) led to a similar, albeit more complex
mixture of products, consistent with the formation of multiple sets of diastereoisomers (these
contain the two methyl groups at either the 2,7 or the 2,10 positions, and have either R,R, R,S, or
S,S configurations). As mentioned above, with CHD, the P2(C6H8)2 diphosphane (4) is generated,
but only a few milligrams of product could be isolated.
The formation of bicyclic diphosphane products was observed to occur with DMB, CHD, 1,3-
butadiene, isoprene, and piperylene, demonstrating that these are good partners for the dienophile
P2 molecules. However, excluding DMB, the yields of these transformations are very low. Scale-
up attempts for generating 5′ or 4, and to a lesser extent for 6, led to the formation of copious
amounts of diene polymers, cutting off the incoming flux of UV photons and leading to the for-
mation of a thick coating on the quartz flask. As such, this coating is the major impediment in
improving the yields of these reactions. This coating was very difficult to remove even with harsh
cleaning agents such as aqua regia (alkaline solutions were not an option as they degrade the
quartz surface).
Since it is likely that the observed reaction pattern is a result of preferential diene polymer-
ization under the reactions conditions,31 keeping the reaction mixture cold could slow down this
reaction pathway. However, it may also significantly decrease the solubility of P4, which in turn
would affect the rate-limiting step. Continous removal of the polymeric material may be wasteful,
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but could allow for the formation of diphosphanes without blocking the UV radiation. Therefore,
a continuous flow recirculating setup was the next step in our effort to improve upon the synthesis
of diphosphanes (vide infra).
Danishefsky’s diene (trans-1-methoxy-3-trimethylsilyloxy-1,3-butadiene) is known to be a
very potent partner for Diels–Alder reactions.32 However, co-photolysis with P4 did not lead to a
notable major product. Use of 1-trimethylsiloxy-1,3-butadiene did not produce any new 31P NMR
resonances, while use of 1,3-cyclooctadiene, 1,3-cyclopentadiene, 2,5-dimethyl-2,4-hexadiene,
and 1,4-diphenyl-1,3-butadiene led to the formation of visible amounts of orange precipitates. As
with furan, it is unclear whether these dienes are not potent enough to trap diphosphorus molecules,
or if the products are very unstable under the harsh conditions of UV irradiation (flow photochem-
istry may be a solution for the latter scenario). Other classes of reagents were also tested for
their potential as P2 traps. However, neither MesN3, MesCNO, CO, or 3-hexyne exhibited any
indication of productive reactivity.
Other chemical substrates may be better suited for this transformation. However, a significant
limitation would be the presence of absorption features around 250 nm that likely hamper desir-
able conversions. Acetylene could provide access to diphosphabenzene (diphosphinine), but it is
unclear if such a product would survive UV radiation. Decaborane(14) (B10H14) has good trans-
parency in the UV region, and treatment with Lewis bases to form B10H10L2 may afford good
precursors for icosahedral B10H10P2 cages. Alternatively, replacing P4 with AsP3 33 and As4 25
may allow the use of lower energy wavelengths that would be compatible with a wider range of
reaction partners.
2.2.6 Photolysis of P4 in Flow as an Alternative to Bulk Photochemistry
Used in organic synthesis for over half a century, flow photochemistry has received a surge of
interest over the past years34 and has become integrated into the synthesis of metal complexes.35
Under optimized conditions, this method can afford a large decrease in reaction time, as well as
increase in yields and purities of the desired products. For example, the preparation of a ruthenium
complex requires a residence time (time the solution fraction is inside the photoreactor) of only 5
min compared to a 12–36 h reaction time for the batch process, with a tenfold increase in through-
put (produced amount per unit of time).35 The reason for such advantages is that flow photolysis
can allow for the solution to be brought in the close vicinity of a high power radiation source
to quickly produce the desired transformation, and then taken away before the products spend
significant time in the high radiation environment and undergo further undesired transformations.
Building on such precedent, we investigated the opportunity of using flow photochemistry
for the photolysis of P4 and DMB. Literature examples typically employ high-power broadband
lamps, but for this transformation only the relatively low-power, single-emission mercury lamps
had shown promising reactivity in batch protocols. Attempts to use a 450 W medium-pressure
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mercury lamp in a typical flow reactor36 led to the formation of the desired diphosphane 5, but
in relatively low yields. Saturated hexane solutions of P4 were used, but residence times between
5 and 30 minutes allowed for the conversion of under 10% of the phosphorus. In addition, the
formation of yellow coating (similar to the batch reactions) was observed on the quartz tubing after
carrying out the photolysis for over 30 mins. This became problematic, as only small amounts of
5 could be formed within such a short period of time before the tubing necessitated cleanup.
Considering that this broadband lamp emits most of its 450 W above 300 nm, it is likely that
only a relatively small amount of P2 may have been produced, while the desired product 5 did
undergo decomposition. Indeed, a significant percentage of the 31P NMR active species were
assigned to the by-products observed for the batch reaction. An alternative protocol using the 254
nm lamps (16 lamps of 35 W each) was attempted. However, even under these new conditions a
notable amount of coating inside the tubing could still be observed within an hour.
Recirculating the reaction mixture (with a peristaltic pump) over extended periods of time,
while at the same time selectively retaining the desired products on a column has been successful in
isolating trans-cyclooctene derivatives.37 This setup employed a column of silica gel impregnated
with AgNO3 to retain the trans product while eluting the cis reagent back to the reaction flask.
Modifying the flow photochemistry to a similar setup appeared promising for the isolation of the
desired diphosphane product. Observations from the isolation of diphosphanes 5 and 5′ suggested
that if an alkane were to be used as a solvent/eluent, the desired product could be retained on
alumina, while allowing the P4 to go through. Indeed, such modifications did visibly reduce the
rate of the formation of the coating, while also allowing the isolation of appreciable amounts of
diphosphane 5. However, extended reaction times were required for such results.
Exposure of solid white phosphorus to O2 leads to the formation of a P2O5 coating that may
protect the bulk of the material. In solutions, especially alkanes, the solubility of O2 is low enough
that oxidation and formation of precipitates occurs relatively slowly — solutions of P4 can be
handled relatively safely (with care) in air, even when using flammable solvents. In contrast,
bubbling of oxygen through solutions of P4 leads to the formation of flames because the energy
from the oxidation is large and is released so fast that the plasma phase becomes visible (fire).
This property has led to the use of P4 in friction matches since the 1830s.38 Due to health concerns
(i.e.: phossy jaw) modern matches have replaced white phosphorus with red phosphorus, which in
turn necessitate additional energetic input (converting the work from the friction against a special
surface into heat) to vaporize a small amount of either P2 or P4 molecules,39 which in turn ignite
and give rise to flames.
Such behavior allowed solutions of P4 to be handled relatively safely outside of the glovebox.
Presence of leaks however, led to a slow evaporation of hexane and deposition of the solute (P4),
such that dangerous, ignition-prone surfaces were continuously being formed. Transition to a
system used commonly in fluorine chemistry (acquired from Savillex) significantly reduced these
risks (Fig. 2-6). In addition, the fluoropolymer tubing has the advantage of being transparent
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Figure 2-6: Setup used for the flow photochemistry. The peristaltic pump (bottom-left, with a
Viton© tubing segment) pushes the solution into the alumina cartridge (center, with ball valves
attached at both ends), then into the photoreactor (right, Rayonet) containing a coiled PFA tubing
(1/4′′×5′), which leads back into the reaction mixture bottle (top-center, with ball valves attached
at both ends). The 3-way ball valve (top-center) is used to flush the tubing with an inert gas at the
beginning of the experiment.
in the mid-UV range, while PFA (perfluoroalkoxy) tubing in particular, is sufficiently flexible to
allow easy coiling. This in turn allowed for increase in the path length inside the reactor and
provided access to higher flow rates (> 100 mL/min), which in turn reduced the deposition rate of
precipitates onto the PFA surface.
An optimized setup (Fig. 2-6) involved common PFA tubing (1/4′′× 5/32′′ or 1/8′′× 1/16′′
of OD×ID) with Swagelock© compression fittings, an FEP (fluorinated ethylene propylene) bot-
tle containing the reaction mixture, and a PFA column component containing the alumina filter.
Between the bottle and the column, a flexible tubing segment made of hexane-resistant Viton©
rubber was used. Ball valves were used for the inlets and outlets of the bottle and the column
to allow sealing the samples while transferring between the glove box and the photolysis setup.
Flow rates of around 40 mL/min (corresponding to a ≈1 min residence time) allowed for the mix-
ture to be recirculated throughout the tubing with little coloration of the tubing segment after 40
hours of continuous irradiation. Most of the unreacted P4 can be recovered from the bottle, while
almost 500 mg of diphosphane 5 could be obtained in a single run before undergoing recrystal-
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lization of the product — this amount is comparable to the yield from a single batch photolysis. A
pale-yellow polymeric mass could be seen accumulating on top of the alumina column.
Interestingly, when the photolysis was run with a solution containing only DMB, a significant
amount of oily residue could be isolated from washing the alumina column with diethyl ether,
pointing out the fact that oligomeric DMB is also retained onto the alumina column. While this
may affect the efficiency of diphosphane isolation, retention of this material onto the column leads
to a large decrease of the formation rate of the UV-blocking coating onto the tubing surface. This
single characteristic removes the main limitation present in the bulk photolysis, as the rate of
decomposition of desired diphosphane does not appear to be very fast.
Further work building on these observations could allow the efficient production and isola-
tion of much larger quantities of desired diphosphanes. Specifically, in the case of 1,3-butadiene
and CHD, and to a lesser extent isoprene, removal of the diene polymer is of utmost importance.
These dienes undergo much more rapid formation of the polymeric material, and net production of
diphosphanes stops much earlier than in the case of DMB. Since both butadiene and isoprene are
very cheap chemicals, few limitations seem to exist for greatly increasing the amounts of isolated
materials. This methodology could lead to expansion of the scope of P2-trapping reagents out-
side of 1,3-dienes, since unstable products could be removed from the mixture before undergoing
photolytic decomposition. In addition, other solvents such as THF could also be used as long as
the bulk of the polymeric material would be removed with the column (not necessarily alumina)
before depositing onto the tubing inner-surface.
2.3 Characteristics of Bicyclic Diphosphanes Containing P–P Bonds
2.3.1 Structural and Spectroscopic Features
Diphosphanes 5 and 5′ were both subjected to structural analysis by X-ray crystallography (Fig. 2-
7). The bicyclic core of the two structures is essentially identical, exhibiting an exo-endo configu-
ration. Both molecules adopt a pseudo-Cs conformation in the solid state, with a σ plane through
the middle of the P–P and the two C=C double bonds. Interestingly, neither diphosphane molecule
exhibits intramolecular pi-stacking of double bonds reported for the tetra-cyclic diphosphane 4.6
The P–P interatomic distances are essentially the same for 5 and 5′, 2.2218(5) A˚ and 2.2230(5) A˚,
respectively, but are notably larger than the value reported for 4 of 2.1970(9) A˚.
In solution, the molecules fluctuate faster than the 1H NMR timescale, as the methyl (for
5) and vinyl (for 5′) environments undergo fast exchange. Observations reported on the parent
hydrocarbon cis-1,4,5,8,9,10-hexahydronapthalene suggest similar behavior.40 DFT calculations
revealed that for diphosphane 5′, the exo-endo isomer surmounts a barrier of only 5.9 kcal/mol with
a reaction enthalpy of just 2.5 kcal/mol for converting into the exo-exo isomer (Fig. 2-8). Solution
1H NMR spectra of 5 show no changes at temperatures as low as −90 ◦C, and with such a low
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Figure 2-7: Solid-state structures of diphosphanes 5 (left) and 5′ (right) — compared to that re-
ported for diphosphane 4 (bottom).6 Ellipsoids are rendered at the 50% probability level and hy-
drogen atoms are omitted for clarity. Selected interatomic distances [A˚] and angles [◦] for 5:
P1–P2 2.2218(5), P1–C1 1.8739(13), P1–C8 1.8719 (13), P2–C4 1.8745(14), P2–C5 1.8727(14),
C1–P1–C8 101.33(6), C4–P2–C5 102.05(6); for 5′: P1–P2 2.2230(5), P1–C1 1.8740(14), P1–C8
1.8805(14), P2–C4 1.8840(14), P2–C5 1.8781(14), C1–P1–C8 101.57(6), C4–P2–C5 101.65(6).
Figure 2-8: Relative enthalpies for the interconversion of diphosphane 5′ (numbers in black) be-
tween the endo-exo and the exo-exo conformers (eq. 3) calculated by Manuel Temprado. Very
similar values were observed for the conversions of the monoxide 5′-O (in red) and dioxide 5′-
(O)2 (in blue) conformers (discussed in detail in Chapter 4).
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Figure 2-9: Solid structure of the meso isomer of diphosphane 5 with ellipsoids at the 50% proba-
bility level and hydrogen atoms omitted for clarity. Selected interatomic distances [A˚] and angles
[◦]: P1–P2 P1–P1a 2.1638(5), P1–C1 1.8467(10), P1a–C4 1.8469(10), C1–P1–C4a 107.32(5),
C1–P1–P1a 92.12(4), C4a–P1–P1a 92.96(4).
calculated barrier, no changes are anticipated above−160 ◦C.41 Such small barriers are consistent
with fast exchange between conformers in solution (eq. 2.1), resulting in fast equilibration of the
1H NMR environments on the bicyclic backbone of diphosphane 5 and an apparent σ -symmetry
plane containing the P–P bond.
exo-endo ⇀↽ exo-exo ⇀↽ endo-exo (2.1)
Curiously, considering the striking similarities between the bicyclic diphosphanes 5 and 5′,
it was surprising to observe a notable difference in their 31P NMR resonances: −54 ppm for
5 and −70 ppm for 5′, respectively. For comparison, the tetra-cyclic 4 has a reported value of
−80 ppm.6 For the isoprene-derived diphosphane 6, values in between those for 5 and 5′ were
observed. Hence, phosphorus nuclei with two β methyl groups resonate at −58 ppm, those with
a single β methyl at −55 ppm, while those with two β protons resonate at −60 ppm (Fig. 2-5).
The diphosphanes resulting from photolysis with 1,3-pentadiene yield a 31P NMR spectrum with
half of the phosphorus nuclei resonating near −30 ppm (tentatively assigned to those having two
α methyl groups), and another half resonating near −75 ppm (tentatively assigned to those with a
single α methyl).
The coupling between the two adjacent phosphorus atoms is strong, resulting in large one-bond
coupling constants. For the asymmetric isomer of 6, this constant is 377 Hz. When bound directly
to a nickel(0) center, the diphosphane 5 has a 1J value of 344 Hz (see Chapter 3), while when
oxidized to λ 3,λ 5 such as in the monoxide 5-O this drops to 217 Hz (see Chapter 4). This strong
P–P coupling leads to the appearance of “virtual coupling”42 where a spin 1/2 nucleus appears to
couple to both P atoms with equal coupling constants even though one of the latter is one bond
further away. For example, the 13C NMR resonance for the 13C nuclei in the positions 2, 5, 6,
and 8 of the bicycle appears as a virtual triplet with a 17 Hz splitting, while the sp2 carbon atom
appears as a virtual triplet with a 2.7 Hz splitting. Similar behavior was observed for 31P nuclei
not directly attached to the diphosphane bicycle (see Chapter 3).
While flexible, the diphosphane framework is very stable and does not undergo breaking of
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Figure 2-10: Conversion of diphosphane 5′ into the meso isomer requires a high activation barrier
as calculated by Manuel Temprado.
the P–P bond or inversion at the phosphorus atoms even at high temperatures. During an extensive
investigation of its chemical properties, the diphosphane 5 very rarely underwent a transformation
involving cleavage of the P–P bond. Only under the harsh conditions of the 254 nm radiation is
the inversion at the phosphorus atoms achievable, as the meso isomer (Fig. 2-10) was observed
in one crystal. This was “fished” from the residue resulting from the diethyl ether washes after
removing most of the 5 product. Inversion of the chirality at the phosphorus atoms occurs only
from the rotations around the P–C bonds (eq. 2.1), which leads to a racemic R,R-S,S mixture. It
is unclear if the meso isomer is produced during the photolysis as a major decomposition product,
as no 31P NMR signal could be observed by analyzing the small crystal. Exposing the isolated
diphosphane to a large flux of microwave radiation did not lead to new NMR signals. In fact, DFT
calculations predicted that the inversion barrier is very large, at over 40 kcal/mol (Fig. 2-10).
As a pure sample, the diphosphane 5 melted at 145–146 ◦C, and did not exhibit any signs of
decomposition until 220 ◦C. Upon slowly raising the temperature above this value, the formation
of bubbles could be observed while the liquid was replaced by red residues. A possible explana-
tion consistent with these observations is that a molecule of DMB was lost to form diphosphene
P2(C6H10), which is less stable than 5 and may quickly lose another DMB molecule, to presum-
ably form free P2, which in turn polymerizes to red phosphorus (eq. 2.2).
P2(C6H10)2 (liquid)
>220 ◦C−−−−−−→
−C6H10↑
P2(C6H10)
fast−−−−−−→
−C6H10↑
P2
−→−→−→ 2/n Pn (2.2)
If this were to be indeed the case, it could give access to gaseous P2 at much lower temper-
atures than those proposed for vaporization from red-phosphorus.39 Moreover, this temperature
range is ideal for synthesis of good crystal growth of phosphorus-containing quantum dots as their
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Figure 2-11: Solid-structure of the 5·I2 adduct and methyl phosphonium iodide salt [5-Me][I] with
ellipsoids at the 50% probability level and solvent molecules and hydrogen atoms omitted for clar-
ity. Selected interatomic distances [A˚] and angles [◦] for 5·I2: P1–P2 2.1913(7), I1–P1 2.4110(5),
I1–I2 3.424, P1–C1 1.8118(19), P1–C8 1.8190(19), P2–C4 1.864(2), P2–C5 1.8668(19), P2–P1–
I1 110.33(2), I2–I1–P1 173.56, C1–P1–C8 114.33(9), C4–P2–C5 104.70(9); for [5-Me][I]: P1–P2
2.1862(18), P2–C9 1.791(5), P1–C8 1.868(4), P1–C1 1.869(5), P2–C4 1.814(5), P2–C5 1.816(5),
C9–P2–P1 114.01(19), C4–P2–C5 112.0(2), C8–P1–C1 103.5(2).
synthesis generally require temperatures in the 200-300 ◦C.43
2.3.2 Chemical Reactivity of Bicyclic Diphosphanes
With the original report of generating multi-cyclic diphosphanes resulting from trapping of P2
units with 1,3-dienes,6 our group became very interested in investigating the chemical properties
posed by such diphosphanes. The sole example of a commercially available tetra-organo diphos-
phane, namely P2Ph4, commonly undergoes P–P bond-cleavage reactions.44–53 We suspected that
the class of multi-cyclic diphosphanes reported by our group would exhibit significantly different
reactivity. Having access to the bicyclic diphosphane 5 in appreciable amounts through a sim-
ple one-step method from chemicals that are commercially available, we sought to uncover such
differences in the chemical behavior.
The substantial degree of thermal stability pointed towards the fact that 5 may also exhibit in-
creased chemical stability despite the existence of a P–P bond and two C=C double bonds. During
a preliminary set of investigations into the possibility of reducing the P–P bond, an unexpected for-
mation of bimetallic complexes was observed upon exposing diphosphane 5 to zero-valent group
10 metal sources (discussed in Chapter 3). No new species formed even when exposing 5 to the
strong reducing agents such as magnesium–anthracene in THF (ε = 2.02 V vs. Fc0/+ 54). Further-
more, in THF no redox features were observed within the solvent window via cyclic voltammetry.
Treatment with I2 did lead to the formation of a solid, yet the product is not the result of any ox-
idation reaction, but a simple I2 adduct that does not exhibit P–P bond activation (5-I2, Fig. 2-11).
Such adducts have been characterized previously, but only a few examples have been investigated
by solid-state X-ray diffraction methods.55 Treatment with stronger oxidants however, did lead to
rapid formation of diphosphiranes (bis-λ 5-phosphanes) where the phosphorus atoms are in the +4
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Figure 2-12: Solid-state structure of macrocyclic diphosphine 7 with ellipsoids at the 50%
probability level and hydrogen atoms omitted for clarity. Selected interatomic distances [A˚]
and angles [◦]: P1–P2 5.339, P1–C1 1.8433(16), P2–C2 1.8421(17), P1–C11 1.8583(16), P1–
C18 1.8624(16), P2–C15 1.8617(16), P2–C14 1.8630(16), C1–P1–C11 96.84(7), C1–P1–C18
98.07(7), C2–P2–C15 97.03(8), C2–P2–C14 98.02(7), C11–P1–C18 101.22(7), C15–P2–C14
101.54(7).
formal oxidation state (see Chapter 4). Additional oxidation to phosphorus(V) proved to be much
slower, which is likely a due to unfavorable thermodynamic parameters of 7-membered rings com-
pared to 6-membered rings. Exposing solutions of diphosphane 5 to air (at room temperature) led
to the formation of a mixture of oxides. The air stability of various phosphines has been correlated
to the energy level of the singly occupied molecular orbital (SOMO) of their radical cation.56 We
computed that the radical of diphosphane [5]•+ and its monoxide [5-O]•+ have SOMOs localized
on the phosphorus atoms at −10.0 and −10.2 eV, respectively. These values are close to the −10
eV threshold above which phosphines have been predicted to be air stable.56 The sluggish air
oxidation observed for diphosphane 5 is consistent with the proposed threshold.
While P2Ph4 commonly undergoes P–P bond cleavage reactions in the presence of radicals,44
diphosphane 5 did not appear to undergo such a transformation. Phenyl radicals formed from the
treatment of organohalides with the halogen-atom acceptor Ti(N[tBu]Ar)3 (Ar = 3,5-Me2C6H3)
had been shown to induce P–P cleavage at P4 to form PPh3,5 yet no such reactivity could be
observed at 5. Instead of the formation of diphosphine PhP(C6H10)2PPh, a complex reaction
mixture ensued containing only major products with large one-bond P–P coupling constants (>200
Hz). It is likely that upon addition of a phenyl radical to one of the phosphorus atoms, an allyl
radical forms while the P–P bond is conserved as part of a 6-membered ring; addition of the second
radical may then undergo at the allyl radical.
The increased stability of the P–P bond in 5 is likely due to the bicyclic nature of the frame-
work which puts a strain (kinetically) on any pathway that involves an increase in the P–P distance.
Cleavage of the P–P bond has only been observed upon treatment of phosphonium cations with
strong nucleophiles. The methyl phosphonium cation [(Me-P-P)(C6H10)2]+ ([5-Me]+) was ob-
tained from the treatment of 5 with methyl iodide (Fig. 2-11). Additional treatment with organo-
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Figure 2-13: Computed structure of a nickel(0) containing 7-membered metallacycles (P–P: 3.346
A˚).
lithium reagents led to the selective formation of diphosphines that do contain a 10-membered
macrocycle and no P–P bond (Fig. 2-12). The dimethyl diphosphine MeP(C6H10)2PMe (7) ob-
tained from treatment with methyl lithium exhibits a singlet 31P NMR resonance at −60 ppm.
Alternatively, treatment with n-butyllithium leads to an asymmetric diphosphine that exhibits two
doublets (at−50 and−60 ppm) with a very small P–P coupling constant (5.5 Hz), consistent with
phosphorus atoms spaced far apart.
Such 10-membered macrocyclic diphosphines provide an opportunity for exploring unusual
metal complexes containing two 7-membered metallacycles (Fig. 2-13). Treatment of
Ni(cod)2 with 7 did lead to sequential displacement of the two cod ligands to form both (cod)Ni(κ2-
7) and Ni(κ2-7)2 complexes that have characteristic 31P NMR resonances at +5 and −15 ppm,
respectively.
2.4 Computational Insights into the Dissociation of Photo-excited P4
Acknowledgement: the work summarized in this section has been performed in collaboration with
Dr. Lee-Ping Wang and Dr. Jinhao Chen.
2.4.1 A Pathway Involving a Sequential Dissociation Coordinate
A theoretical investigation of the photolysis mechanism of P4 was performed. The starting point
was an electronically excited state of a single P4 molecule and the endpoint was the ground state
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Scheme 2.3: Molecular geometry critical points in the sequential dissociation pathway. The bot-
tom left is the ground state of P4 and the far right is the ground state of 2P2. P4 enters the excited
state after absorbing a photon, and a geometry optimization on the excited state surface leads to
the C2v-symmetric geometry (top middle). From here, relaxation to the ground state leads back
to tetrahedral P4, but rearrangement into a D2d-symmetric minimum is also possible (top right).
Dissociation of the D2d-symmetric geometry into two P2 molecules occurs with a significant acti-
vation barrier of ≈ 1.4 eV.
of two P2 molecules. This pathway must proceed through the dissociation of four chemical bonds
and is anticipated to involve a change in the electronic state. From a theoretical perspective, the
problem is highly interesting because P4 is a small enough system to be treated using highly
accurate multi-reference quantum chemistry methods, yet the task of elucidating a low-energy
pathway for photolysis involves a nontrivial exploration of the multidimensional potential energy
surface (PES).
Theoretically, the reaction enthalpy of P4 → 2P2 can be computed to within 1 kcal/mol of
the experimental measurement by treating the dynamic electron correlation at the coupled-cluster
singles, doubles, and nonperturbative triples (CCSD(T)) level of theory using a nearly complete
basis set.57 The UV absorption spectra of tetrahedral P4 and P2 have also been computed using
the configuration interaction singles (CIS), random phase approximation (RPA) and equation-of-
motion coupled-cluster singles and doubles (EOM-CCSD) theoretical methods to within 0.5 eV
(≈ 10 kcal/mol) of the experimental measurement.58
In the initial explorations, the geometry of P4 in the first excited state was optimized. This
caused the tetrahedral molecule to rearrange into a C2v-symmetric structure (Scheme 2.3, top mid-
dle) in which one of the P–P bonds was broken. From this geometry, an electronic relaxation to
the ground state leads straight back to tetrahedral P4. The system is highly unlikely to follow min-
imum energy paths, however, since it possesses a large kinetic energy from the initial excitation;
this motivated us to explore other potential pathways. Another exothermic rearrangement leading
to a D2d-symmetric minimum (Scheme 2.3, top middle) in which one more P–P bond was bro-
ken was found to require a low activation barrier of ≈ 0.5 eV. However, further bond dissociation
involved much greater activation barriers of approximately ≈ 1.4 eV; here the system proceeds
through a “bent” transition state. Thus, a dissociation pathway passing through the molecular ge-
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Figure 2-14: Dissociation of the P4 tetrahedra into two P2 units with simultaneous breaking of
four P–P bonds occurs through a D2d-symmetric pathway.
ometry critical points involving the sequential breaking of P–P bonds is possible, though it may
require the system to possess large amounts of kinetic energy for crossing over the large activation
barriers.
2.4.2 A Pathway Involving a Direct Dissociation Coordinate
With these results in mind, we considered that P4 could also follow a highly ballistic trajectory
from its excited-state without passing through the molecular geometry critical points.59 During
the investigations of the excited state PES, a pathway for the direct dissociation of excited P4 into
2P2 that involves the simultaneous breaking of four P–P bonds was discovered. This pathway
may be visualized by placing the four phosphorus atoms on the corners of a cube such that no two
atoms share a cube edge, and where the dissociation coordinate is equivalent to moving the top
and bottom faces of the cube away from one another (Fig. 2-14). Meanwhile, the remaining two
P–P bonds in each diatomic subunit contract from 2.1994(3) A˚ in P4,60 to 1.8934 A˚ in P2.61 One
would expect that the simultaneous breaking of four chemical bonds would involve large reaction
barriers, yet only a very small barrier (0.1 eV) was found. This results from the presence of state
crossing along the dissociation coordinate in which the first excited state of P4 becomes degenerate
with the ground state of 2P2. The state crossing occurs at a lower energy than the P4 excitation
energy, so the photon energy is sufficient to carry out the dissociation.
In order to generate the direct dissociation coordinate, the dissociated geometry was built
from placing two optimized P2 molecules 5 A˚ apart on the Z-axis, with one P2 molecule placed
symmetrically on the X-axis and the other on the Y-axis. For comparison, the distance between the
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Figure 2-15: Energies of P4 electronic states along the direct dissociation coordinate. The experi-
mental excitation corresponds to state B3(1) or B3(2). Note the appearance of a minimum in state
B3(2) at x = 5, which was shown to be a saddle point on the many-dimensional potential surface.
There is a near threefold degeneracy at x = 12 where the system may cross into the A(3) state
(blue), which corresponds to the ground state of two closed-shell P2 molecules.
two P2 units within the optimized P4 molecule was found to be 1.56 A˚. Fifty intermediate frames
were generated by linearly interpolating from P4 to 2P2, corresponding to a 0.070 A˚ increase per
frame in the distance between the two units.
The complete active space self-consistent field (CASSCF) calculations took the symmetry of
the geometries into account; orbitals were classified into the four irreducible representations of
the D2 point group (A, B1, B2, B3). Calculations were carried out for each point on the disso-
ciation trajectory. At frame 0 (the tetrahedral geometry, Z-axis separation = 1.56 A˚), there are
two threefold-degenerate excited states between 5 eV and 6 eV corresponding to the experimental
optical excitation between the HOMO and LUMO. As the dissociation proceeds, the degeneracy
is lifted and the excited states in the B1 and B2 representations increase monotonically in energy,
and as such, only the A1 and B3 states become relevant to the mechanism (Fig. 2-15). The energy
of the lowest B3 state decreases slightly until a minimum of 4.2 eV is reached at frame 5 (dimer
separation = 1.90 A˚), corresponding to an excimer-like geometry.62
Proceeding along this coordinate, a degeneracy is encountered around 4.7 eV at frame 12 (Z-
axis separation = 2.50 A˚) where the lowest B3 state intersects with the A1 and A3 states. It is
unclear whether this is a true threefold degeneracy or three close intersections of twofold degen-
eracies. Interestingly, the A3 electronic state corresponds to the ground state configuration of a P2
dimer, and the degeneracy occurs at a lower energy with respect to the initial excitation. Thus, this
provides a possible pathway for the direct dissocation of photoexcited P4 into two P2 molecules. It
should be noted that at this degeneracy it is also possible to cross back to the ground state surface,
which is expected to lead back to the tetrahedral geometry of ground state P4.
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Figure 2-16: Highest occupied and lowest unoccupied molecular orbitals of P4. In the tetrahe-
dral geometry, these orbitals are twofold and threefold degenerate, respectively. Note the bonding
character of the HOMO and LUMO; the HOMO has bonding character across four edges of the
tetrahedron and antibonding character across two edges, and vice versa for the LUMO. Quali-
tatively, P4 dissociation involves the transfer of two electrons from the HOMO into the LUMO,
which breaks four P–P bonds and increases the bond order of the other two.
At the end of the trajectory, the geometry approaches that of two well-separated P2 molecules.
The A(3) state at the end of the trajectory, corresponding to the ground state wavefunction, con-
tains a closed-shell electron configuration with a coefficient of 0.94, which indicates a return to
a qualitatively single-reference wavefunction. The first and second excited states contain nearly
equal contributions from two singlet excitations, which corresponds to a symmetric and antisym-
metric combination of excitations on the two P2 molecules. It is expected that these two excitations
will become degenerate at infinite separations. The excitation energy of approximately 3.8 eV is
in good agreement with experimental absorption spectra of P2.63 Furthermore, the experimental
P4→ 2P2 reaction enthalpy is also recovered here.
To obtain some intuitive understanding of this problem, it is instructive to look at the molec-
ular orbitals of P4 (Fig. 2-16). The HOMO of tetrahedral P4 plainly shows bonding character
across four edges of the tetrahedron and antibonding character across two edges, while the LUMO
has complementary character with antibonding character across four edges and bonding character
across two. It is intuitive to guess that the direct dissociation coordinate involves an electronic
state where two electrons from the HOMO are promoted into the LUMO, and this electronic state
would correspond to the ground state of 2P2 at dissociation. Upon examination of the CI vector
and MO correlation diagrams, this is precisely what happens.
These calculations of the excited-state potential surface of P4 show that it may be possible to
dissociate P4 into 2P2 by the simultaneous breaking of four P–P bonds with the energy provided by
UV irradiation. While many pathways leading back to the tetrahedral geometry may exist, a small
population of molecules in the excited state may still proceed along or near the direct dissociation
pathway to generate small amounts of P2 in the reaction mixture. Qualitatively this is in agreement
with the experimental observations that there is still a significant amount of unreacted P4 in the
reaction mixture after twelve hours of UV illumination. While these computations represent by
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no means a complete exploration of the P4 excited state PES, they do reveal a possible pathway
for the photolysis of P4 into two P2 units. One cannot conclusively claim that this is the actual
dissociation pathway, since the calculations only provide a one-dimensional energy profile on a
six-dimensional potential surface. For a more complete exploration of the potential surface, it
may be necessary to run molecular dynamics in the electronic excited state;64 for this purpose,
wavepacket-propagation techniques would be very helpful.65 One of the additional challenges
involved in running excited-state molecular dynamics is that the level of theory must be consistent
in the entire calculation, thus one must choose an active space that provides a good description
of the entire potential surface. Furthermore, the molecular dynamics may be able to also provide
insights into the expected quantum yield for the photolytic reaction.
2.5 Concluding Remarks
The transformations reported herein feature exceptional simplicity for the generation of organo-
phosphorus compounds from P4. We hope that this metal-free conversion that requires only read-
ily available reagents, will open a new and practical method to desirable phosphorus-containing
organic molecules. Having access to significant amounts of bicyclic diphosphanes allowed for
detailed investigation of their potential as ligands in metal complexes (discussed in chapter 3),
as well as their behavior towards oxidation throughout the involvement of the phosphorus lone
pairs without the cleavage of the P–P bond (discussed in chapter 4). In silico investigation of the
mechanism of the photolytic cleavage of P4 provided evidence into proposing P2 as a viable in-
termediate. Work towards expanding the scope of diene substrates and other P2 trapping partners,
and investigating the wavelength dependency of the irradiation on the rate of P2 formation would
provide for the best expansion of the described results.
2.6 Experimental Details
2.6.1 General synthetic details
All manipulations (other than the UV irradiation steps) were performed in a Vacuum Atmospheres
model MO-40M glove box under an inert atmosphere of purified N2. Solvents were obtained
anhydrous and oxygen-free by sparging with N2 and purifying using a Glass Contours Solvent
Purification System (SG Water). Deuterated solvents were purchased from Cambridge Isotope
Laboratories, degassed, and stored over molecular sieves prior to use. All glassware was oven-
dried at temperatures greater than 170 ◦C prior to use. Celite© 435 (EM Science) was dried by
heating above 200 ◦C under a dynamic vacuum for at least 48 h prior to use, while alumina (acti-
vated, basic, Brockman I) was dried similarly for at least 7 days prior to use. NMR spectra were
obtained on Varian Mercury 300, Varian Inova 500, or Bruker Avance 400 instruments equipped
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with Oxford Instruments superconducting magnets, and were referenced to the appropriate solvent
resonances: for C6D6 signals 1H at 7.16 ppm, and 13C at 128.39 ppm; for CDCl3: 1H at 7.26 ppm,
13C at 77.16 ppm; for DMSO-d6: 1H at 2.50 ppm, 13C at 39.52 ppm.66 31P NMR spectra were
referenced externally to 85% H3PO4 (0 ppm). The following abbreviations were used to explain
the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad, v = vir-
tual multiplet. Elemental analyses were performed by Midwest Microlab LLC, Indianapolis, IN.
White phosphorus was acquired from Thermphos International, while dienes were bought from
commercial sources. 2,3-Dimethylbutadiene and 1,3-cyclohexadiene were distilled after stirring
with NaBH4 for at least two days, and isoprene was washed with ca. 0.01 M aqueous solution of
NaOH and distilled from CaH2; all of these were stored at −35 ◦C over molecular sieves prior to
use. 1,3-Butadiene was bought as a 15% wt. solution in hexanes from Sigma-Aldrich and used
without further purification.
2.6.2 Photochemical setup
Photochemical reactions were performed in batch using commercially available quartz round bot-
tom flasks (ChemGlass). The mixtures were irradiated in using a Rayonet photochemical reactor
(RPR-200, Southern New England Ultra Violet Company) loaded with 16 RPR-2537 A˚ lamps,
each emitting ca. 35 W at 253.7 nm (Fig. 2-2). A cooling fan was used to keep the tempera-
ture inside the photolysis chamber at 55–65 ◦C in order to prevent the P4 from condensing above
the solution and form a yellow coating which would block the UV radiation from reaching the
solution.
2.6.3 Optimized synthesis of diphosphane P2(C6H10)2 (5) via bulk irradiation
A recycled sample of P4 (1.17 g, ca. 9.4 mmol, ca. 2.1 equiv) was stirred in hexane (120 mL)
for 1–2 h after which the yellow suspension was filtered through a short layer of alumina (0.5
cm). The alumina was washed with hexane (10 mL) and the resulting clear filtrate was placed in
a 250 mL quartz round bottom flask (ChemGlass) together with 2,3-dimethylbutadiene (2.0 mL,
1.45 g, 17.7 mmol, 4 equiv). The flask was equipped with a vacuum valve, partially degassed and
sealed securely before being brought outside of the glovebox. After irradiating for 14–16 hours,
the resulting yellow suspension was cooled and brought back into the glovebox. The procedure
was repeated two times and the resulting mixtures were worked-up at the same time.
Each batch was passed separately through a layer of alumina (2 cm) and washed with pentane
(50 mL) to remove the unreacted P4. After removing under vacuum the volatiles from the pentane
filtrates, a white solid consisting of mostly P4 (ca. 1.5 g, ca. 40% of the total amount used) was
recovered, and could be reused for other photolytic batches. The alumina layers were washed with
diethyl ether (150 mL each) and the three resulting pale-yellow filtrates were merged together.
After removing the volatiles from the diethyl ether washings under vacuum, a pale-yellow solid
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was obtained (ca. 3.5 g). This was dissolved in hot toluene (ca. 8 mL) and the resulting solution
was allowed to cool down and stored at –35 ◦C for about 12 hours. The colorless crystals were
collected on a fritted glass filter, washed with cold pentane, dried, and weighted (ca. 1.0 g). The
filtrate was redissolved in hot toluene (ca. 3 mL) and another batch (0.3 g) was obtained after
storing at −35 ◦C. A total of 1.4–1.5 g (∼12% yield based on diene) of crystalline white solids
consisting of diphosphane 5 was collected after the third recrystallization.1H NMR (C6D6, 20 ◦C,
400 MHz) δ : 2.04 (dt, 2JHH = 13 Hz, JHP = 6 Hz, 4 H), 1.75 (dt, 2JHH = 13 Hz, JHP = 9 Hz, 4
H), 1.57 (s, 12 H) ppm. 13C{1H} NMR (C6D6, 20 ◦C, 100.6 MHz) δ : 125.8 (vt, vJCP = 2.5 Hz),
27.1 (vt, JCP = 17 Hz), 21.5 (s) ppm. 31P{1H} NMR (C6D6, 20 ◦C, 121.5 MHz) δ : −53.6 (s)
ppm. Elemental analysis [%] found (and calcd. for C12H20P2): C 63.82 (63.71), H 8.88 (8.91),
P 27.53 (27.38). GC-MS m/z: 226; also present 144 (C6H10P2) and 82 (C6H10). Melting point:
145–146 ◦C.
2.6.4 Synthesis of diphosphane 5 optimized for conversion yield from P4
A 100 mL quartz round bottom flask was charged with P4 (304 mg, 2.45 mmol, 1.0 equiv), 2,3-
dimethyl-1,3-butadiene (888.6 mg, 10.8 mmol, 4.4 equiv), hexane (40 mL), and a Teflon stir bar,
and the mixture was stirred until all of the P4 was dissolved. The flask was equipped with a vacuum
valve, degassed, and sealed securely before bringing it outside of the glove box. The mixture
was then irradiated for 12 h under stirring, as the temperature inside the photolysis chamber was
maintained at ca. 55–65 ◦C with a cooling fan. During this time a yellow coating appeared onto
the glass, while the reaction mixture developed into a white, pale yellow suspension.
After returning the reaction mixture to the glove box, the generated yellow suspension was
concentrated under reduced pressure to ca. a quarter of the original volume, and was filtered
through a column of alumina (2.5 cm long, 3.5 cm wide) inside a fritted glass filter funnel and
washed with pentane (100 mL). The colorless filtrate was concentrated for subsequent recovery
of the unreacted P4. The alumina was washed with diethyl ether (75 mL), and the resulting pale
yellow filtrate was dried to produce a yellow residue (ca. 340 mg). This afforded colorless crystals
of diphosphane 5 after recrystallization in three crops from saturated toluene solutions at −35 ◦C
(150.5 mg, 13.6% of theoretical, or 34.1% of consumed P4).
Volatiles from the pentane filtrate were removed under vacuum and the obtained white pow-
der was washed well with diethyl ether (3×2 mL) and dried under reduced pressure to constant
mass, producing solvent-free, clean P4. The ether washes were dried and the obtained residue was
washed with cold ether (3×0.5 mL) to regenerate further P4. The two fractions were combined
(182.7 mg , 60.1% of used) and minimal solvent composition was verified by elemental analysis
(C 0.76%, H 0.20%).
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2.6.5 Synthesis of diphosphane P2(C4H6)2 (5′)
Following the protocol described above, a mixture containing P4 (1.084 g, 8.75 mmol, 1.0 equiv),
1,3-butadiene (16.2 g of 15% wt. solution, 45 mmol, 5.1 equiv), hexane (100 mL), and a 1-inch
Teflon stir bar in a 250 mL quartz round bottom flask was irradiated for 20 h under stirring. The
mixture was filtered through a short alumina column, and washed with pentane (100 mL), and
with diethyl ether (150 mL). The pale yellow residue obtained from the ether filtrate after drying
(ca. 0.10 g) were used to obtain colorless crystals of diphosphane 5′ after recrystallization from
toluene at−35 ◦C (37 mg, 1.2 % yield). 1H NMR (C6D6, 20 ◦C, 400 MHz) δ : 5.51 (m, 4 H), 2.15
(m, 4 H), 1.89 (m, 4 H) ppm. 13C{1H} NMR (C6D6, 20 ◦C, 100.6 MHz) δ : 126.4 (vt, JCP = 2.7
Hz), 18.9 (vt, JCP = 17 Hz) ppm. 31P{1H} NMR (C6D6, 20 ◦C, 121.5 MHz) δ : −70.4 (s) ppm.
2.6.6 Generation of diphosphane P2(C5H8)2 (6)
Following the protocol described above, a mixture containing P4 (972 mg, 8.75 mmol, 1.0 equiv),
isoprene (2.31 g, 34 mmol, 4.3 equiv), hexane (100 mL), and an 1-inch Teflon stir bar in a 250
mL quartz round bottom flask was irradiated for 17 h under stirring. The mixture was filtered
through a short alumina column, and washed with pentane (120 mL), and with diethyl ether (75
mL). The pale yellow residue obtained from the ether filtrate was taken again through a short
alumina column with pentane (50 mL) and ether (50 mL). Only the ether filtrate was saved, and
after removal of volatiles under vacuum, a pale yellow, oily residue (ca. 110 mg) was isolated
which was free of any P4 1H NMR (C6D6, 20 ◦C, 400 MHz) δ : 5.26 (m, 2 H), 2.0-2.2 (m, 4H),
1.7-1.9 (m, 4 H), 1.58 (s, 6 H) ppm. 31P{1H} NMR (C6D6, 20 ◦C, 121.5 MHz) δ : −54.9 (d, 1JPP
= 377 Hz, 1-P-3,9-dimethylphosphane, 1 P), −57.9 (s, 3,8-dimethylphosphane, ≈2 P), − 60.0 (d,
1JPP = 377 Hz, 2-P-3,9-dimethylphosphane, 1 P) ppm.
2.6.7 Generation of diphosphane P2(C6H8)2 (4)
A mixture containing P4 (195 mg, 1.57 mmol, 1.0 equiv), 1,3-cyclohexadiene (0.550 mL, 5.78
mmol, 3.7 equiv), and a Teflon stir bar in a 200 mL quartz, Teflon-sealed Schlenk tube. The
mixture was heated with a heat gun until the P4 melted and formed an immiscible layer on the
bottom. The mixture was irradiated for 35 h, as the temperature inside the reactor kept the bottom
P4 layer liquid and while stirring ensured good mixing between the two layers. The volatiles from
the mixture were removed under reduced pressure, and the residue was washed with diethyl ether
(20 mL). The ether washes were dried under vacuum, and the colorless residue was dissolved in
C6D6 for 1H and 31P NMR analysis to confirm the formation of P2(C6H8)2.
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2.6.8 Synthesis of diphosphine Me2P(C6H10)2PMe (7)
A THF solution (2 mL) of MeI (437 mg, 3.08 mmol, 1.0 equiv) was added to a solution of 5 (691
mg, 3.05 mmol, 1.0 equiv) in THF (8 mL) and the resulting mixture was stirred for 8 h at room
temperature. To the thick suspension, a 1.6 M solution of MeLi in Et2O (1.403 g, 3.07 mmol,
1.0 equiv) was added slowly, leaving behind a clear, golden solution. After stirring for 30 mins,
volatiles were removed, and the residue was redissolved in Et2O and passed through an alumina
short-column (2 cm) and washed with additional ether (50 mL). The filtrate was concentrated, and
the white crystalline powder (500 mg, ca. 65% crude yield) was recrystallized from hot toluene at
−35 ◦C to yield pure diphosphine Me2P(C6H10)2PMe (7) (110 mg, 14% yield). 1H NMR (C6D6,
20 ◦C, 400 MHz) δ : 2.84 (dd, 4 H, CHH), 1.87 (s, 12 H, CH3), 1.83 (m, 4 H, CHH), 0.84 (d, 2JHP
= 4.5 Hz, 6 H, PCH3) ppm. 31P{1H} NMR (C6D6, 20 ◦C, 121.5 MHz) δ : −59.9 (s) ppm.
The phosphonium salt could also be isolated: MeI (0.050 mL, 0.08 mmol, 1.0 equiv) was
added by a syringe to a solution of 5 (181 mg, 0.80 mmol, 1.0 equiv) in Et2O (10 mL). A precipitate
started forming within 5 min, and the mixture was allowed to stir overnight. The solids were
collected by filtration on a sintered glass frit, and washed with Et2O to yield analytically pure
[MeP2(C6H10)2][I] phosphonium salt quantitatively. Elemental analysis [%] found (and calcd. for
C13H23P2I): C 42.12 (42.41), H 6.07 (6.30), P 16.78 (16.83).
2.6.9 Flow photochemistry setup
After multiple optimization attempts, the following setup was designed for performing photo-
chemistry under flow conditions, as depicted in Fig. 2-6.
A 500 mL FEP bottle with GL 45 closure (#150-02-0500) capped with a GL 45 transfer closure
with (2) 1/4′′ ports (#600-045-36) was purchased from Savillex and was used as supply vessel for
the reaction mixtures. The column was built using 100 mL column component segment, 1–1/2′′
MNPT threads (#531-100-05) that was capped with two 58 mm transfer closures with (1) 1/4′′ OD
tube port and 1–1/2′′ FNPT threads (#600-058-16). A column component screen (#730-0504) was
inserted at one of the ends of the column component and a glass paper filter was used below the
coarse screen (1 mm pores) to support the alumina bed. The bottle and the column were sealed at
both ends with 1/4′′ ball valves to allow easy transfer from the glove box to the hood and back,
using the small antechamber of the glove box. Extended pumping of the bottle is not indicated
considering to prevent wear.
A Masterflex L/S peristaltic pump (economy model #7554-90, capable of 0–600 rpm) equipped
with an Easy-Load II pumphead with 5 rotors was purchased from Cole–Palmer. The flexible tub-
ing used for hexane solutions was made of Viton© material that is rated for 150 hours of use at 60
rpm — above 200 rpm the tubing heated up and led to accelerated degradation. Size 14 Viton©
tubing (#EW-96412-14) rated for 40 psi of continuos use allowed for a flow of 40 mL/min at 200
rpm; tubing up to size 18 (#EW-96412-18) allows for flows in excess of 80 mL/min.
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The peristaltic pump was used to drain solution from the FEP bottle, and push it through the
alumina column, and then through a tubing segment positioned inside the Rayonett photoreactor.
A 1/4′′ flexible PFA tube in 5 ft in length was coiled around a glass cylinder (a round tube from
a regular cold trap) was used to transfer the reaction mixture through the photoreactor. In order to
reduce the minimum amount of solvent needed have a continuous flow, 1/8′′ PFA tubing was used
to connect together the bottle, flexible tube segment, column, and the coiled 1/4′′ tubing – around
20 ft of such tubing was necessary.
Finally, a 3-way ball valve was attached between the bottle and the coiled tubing segment to
allow for flushing with N2 of the entire tubing as well as the column before opening the bottle to
the closed system.
2.6.10 Theory and computational methods for the photolytic cleavage of P4
The calculations were performed on gas-phase phosphorus clusters in the absence of a solvat-
ing environment. A number of theoretical studies on phosphorus clusters exist in the literature,
but most of them are focused on equilibrium configurations of the ground electronic state.58,67
These studies were carried out using methods like Hartree-Fock, density functional theory (DFT),
second-order Møller-Plesset perturbation theory (MP2), and coupled-cluster singles and doubles
(CCSD). We referred to these as single-reference electronic structure methods because they are
based upon the assumption that the ground-state wavefunction is mostly described by a single
electron configuration or Slater determinant, which is then used as a reference state for the cal-
culations of electron correlation effects. Single-reference methods for the calculation of excited
state energies include configuration interaction singles (CIS), random phase approximation (RPA),
time-dependent density functional theory (TDDFT), and equation-of-motion coupled-cluster sin-
gles and doubles (EOM-CCSD).
The ground state of tetrahedral P4 and P2 are both closed-shell configurations with singlet spin
multiplicity, and thus they are qualitatively well described by single Slater determinants. However,
since the ground state of reaction intermediates may have multi-reference character (also known
as static correlation) and the electronic state may change throughout the entire dissociation path-
way,68 the wavefunction cannot be described by a single Slater determinant. One would expect
single-reference methods to perform well at the endpoints of the pathway but give unreasonable
answers in the middle, which is what was found in early exploratory calculations. Multi-reference
wavefunctions often appear in geometries where chemical bonds are broken and the system con-
tains multiple radicals, and in these situations single-reference methods may be qualitatively in-
correct.
For this reason, the complete active space self-consistent field (CASSCF) method was used,
which is capable of describing static correlation; in CASSCF, the wavefunction is a linear com-
bination of several Slater determinants, each of which represents a distinct electron configuration
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or orbital occupation. A CASSCF calculation is specified by choosing the number of active elec-
trons and the number of active orbitals, and the wavefunction includes all configurations that
can be constructed from placing the active electrons into the active orbitals.69 For example, in a
CASSCF(2,3) calculation, there are two active electrons in three active orbitals, giving rise to six
possible electron configurations, all of which are included in the wavefunction. The reliability of
CASSCF calculations depends heavily on a good choice of the number of active electrons and the
size of the active space.
In order to obtain quantitative accuracy, a calculation also needs to include dynamic corre-
lation, which in the CASSCF picture corresponds to minuscule contributions to the energy from
the electron configurations not considered in the wavefunction. Since the wavefunction does not
contain sizable contributions from these configurations, they are not treated explicitly and instead
are included using perturbation theory. Therefore, it was expected that methods like CASSCF
with second and third order corrections from Rayleigh-Schro¨dinger perturbation theory (RSPT2
and RSPT3) would provide quantitative accuracy for intermediate states on the pathway.
To generate the direct dissociation coordinate, both the P4 and P2 structures were optimized at
the MP2/aug-cc-pVTZ level. The dissociated geometry was built from placing two optimized P2
molecules 5 A˚ apart on the Z-axis, with one P2 molecule placed symmetrically on the X-axis and
the other on the Y-axis. Fifty intermediate frames were generated by linearly interpolating from
P4 to 2P2, to which corresponds to 0.070 A˚ increase per frame in the distance between the two
units.
The CASSCF calculations took the symmetry of the geometries into account; orbitals were
classified into the four irreducible representations of the D2 point group (A, B1, B2, B3). Along the
entire dissociation pathway, the orbital occupations corresponding to the four representations was
(9,7,7,7). The closed-shell orbitals were chosen to be (7,7,7,7) and the active space was chosen
to be (3,2,2,2), because these frontier orbitals were well-separated from the occupied and virtual
manifolds above and below for the entire dissociation process. The number of electronic states
computed were (3,2,2,2) and state-averaging was performed within each representation. This
makes the level of theory CASSCF(4,9)-RSPT3. The MOLPRO software package was used in
all calculations.70 Calculations were carried out for each point on the dissociation trajectory.
Since the potential surface for P4 dissociation is a many-dimensional hypersurface, we decided
to scan the potential surface in other dimensions orthogonal to the direct dissociation coordinate.
We computed two-dimensional energy profiles of the ground state and lowest two excited states
along the dissociation coordinate and two orthogonal deformation coordinates and plotted the
results in Fig. 2-17 and 2-18. Here the blue surface corresponds to the ground state, the red
surface is the first excited state, and the green surface corresponds to the electronic state of 2
P2 after dissociation. From the plots, we can see that the excimer-like geometry found in the
one-dimensional profile is really a saddle point, and the true minima involve deformations in
other coordinates (this is hardly surprising because our geometry optimizations led to the C2v-
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Figure 2-17: Two perspectives of a two-dimensional energy plot of the ground state (blue) and two
lowest excited states (red, green) of P4. The coordinate to the right is the dissociation coordinate
(the frame range is x ∈ {3, 15} in Fig. 2-15, roughly 1 A˚), and the orthogonal coordinate is a
torsion about the dissociation vector (the range is roughly pi/4). The coordinates in this plot have
D2 symmetry. Note that the lowest excited state surface is relatively flat compared to the ground
state, and there is a shallow minimum along the twisting coordinate.
Figure 2-18: Two-dimensional energy plot of the ground state (blue) and two lowest excited states
(red, green) of P4. The coordinate to the right is the dissociation coordinate (the frame range is x
∈ {3, 15} in Fig. 2-15, roughly 1 A˚), and the orthogonal coordinate is a torsion about the vector
orthogonal to the dissociation vector and the P–P bond (the range is roughly pi/4). The coordinates
in this plot have C2 symmetry. Note that the lowest excited state surface is relatively flat compared
to the ground state, and there is a shallow basin in the middle of the surface that is not visible in
the one-dimensional dissociation plot.
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symmetric structure.) However, the potential surface of the first excited state is smooth and mostly
flat compared to the other two surfaces, lending some credence to our hypothesis that excited-state
P4 may follow a highly ballistic trajectory.
MOLPRO input file for the CASSCF(4,9)-RSPT3 calculations are shown below, while the
molecular geometries along the direct dissociation coordinate are provided in the appendix.
2.6.11 X-ray crystallographic details
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Abstract
The selective formation of bimetallic transition-metal complexes containing bicyclic diphosphane
P2(C6H10)2 bridges is discussed in this chapter. With its eclipsed lone pairs disposed at a relative
angle of ca. 45◦, the diphosphane framework is ideally suited to form multiple bridges between
two metal centers of {M2P6} barrelene cages. Dinuclear complexes containing tetrahedral, zero-
valent group 10 metals bridged by three diphosphane ligands were investigated in detail. These
complexes contain a pair of trans-axial ligands such as EPh3 (E = P, As, Sb) or η1-P2(C6H10)2.
X-ray crystallography experiments revealed that the cages have a pseudo-D3h symmetry, with
metal–metal distances in the 3.9–4.1 A˚ range. The complexes were isolated in 48–91% yields as
crystalline, bright yellow or orange powders. Substitution of the axial ligands with the {M2P6}
cages remaining intact was also observed. The formation of bimetallic complexes of metals from
groups 6, 8, 9 and 11 was also investigated. The solid-state structure of a rhodium(I) complex
containing triple µ-P2(C6H10)2 bridges, as well as those of a molybdenum(0) and a ruthenium(II)
complex containing only two µ-P2(C6H10)2 bridges were also determined.
Reproduced in part with permission from: Tofan, D.; Cummins, C. C. Chem. Sci. 2012, 3, 2474–2478; ToC graphic
shown below; ©2012 The Royal Society of Chemistry.
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3.1 Background: Diphosphanes as Ligands
Since the first synthesis of bi- and tetracyclic diphosphanes by effective sequential Diels–Alder
addition of two 1,3-dienes to P2,1 we have been eager to explore the coordination chemistry of the
resulting ditopic diphosphanes (illustrated in Chart 1). In particular, we were interested in how the
fixed bidentate coordination angle of the two adjacent phosphorus atoms would influence the bind-
ing modes and the electronic properties of coordinated metals. Limiting our efforts in this regard
was a low-yielding, multi-step procedure requiring an elaborate niobium complex as a stoichio-
metric source of P2.1 The reported one-step photochemical synthesis of 3,4,8,9-tetramethyl-1,6-
diphosphabicyclo[4.4.0]deca-3,8-diene (P2(C6H10)2, 5, Chart 1 right) directly from P4,2 allowed
for a systematic investigation of the complexation chemistry of such molecules.
The sole example of a commercially available tetra-organo diphosphane, namely P2Ph4, has
been shown to exhibit a wide range of chemical reactivity. Like other diphosphanes,3 P2Ph4
commonly undergoes P–P bond-cleavage reactions assisted by radicals,4 Lewis acids,5 cations,6
organohalogens,7 alkynes,8 S4N4,9 metal-complex catalysts,10–12 and photolysis.13 When the P–
P bond remains intact, this diphosphane can bind to one or two metal centers in an η1,14,15 η2,16
or µ ,η1:1 fashion, respectively.14,17,18 The syntheses of a number of bimetallic complexes con-
taining two diphosphane bridges have been reported since 1964.19 However, very few complexes
containing multiple diphosphane bridges (illustrated in Chart 2) have been characterized crystal-
lographically.18,20–22 In all these cases, the {M2P4} six-membered rings exhibit a chair confor-
mation, with M–P–P–M dihedral angles ranging from 33◦ to 78◦.18,20,21 Boat conformations are
observed only when a third bridge is present and require a significant decrease in dihedral angle,
such as from 53◦ to 22◦ with P2Me4.18 Thus, the formation of bicyclic bimetallic systems hav-
ing three diphosphane bridges requires a small dihedral angle to be readily accessible. The only
reported case of a triply bridged bimetallic compound with a diphosphane-based {M2P6} cage
occurs in (OC)3Mo(G)3Mo(CO)3, with a decrease in the M–P–P–M dihedral angle with diphos-
phane G from 33◦ to 25◦.21–23 There is also a report of P–P triple bridges with [P4(SiMe2)3]
ligands between two Cr(CO)3 units where the dihedral angle is 0◦.24
Multi-metallic platforms have received a surge in interest due to their increased catalytic po-
tential resulting from the interactions between metallic centers.25 Such complexes containing
multiple bridging ligands are conferred increased stability against dissociation into monomeric
units.25 The bicyclic nature of the diphosphane P2(C6H10)2 molecule (5) results in an eclipsed
P PP PP P PP
Chart 1: Examples of known free or W(CO)5-bound bicyclic and tetracyclic diphosphanes.1,2
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Chart 2: Examples of diphosphanes which form two bridges in bimetallic systems with their M–
P–P–M dihedral angles listed in parentheses.18,20,21
conformation and a dihedral angle between the two phosphorus lone pairs close to 0◦.2 This pre-
configuration positions the diphosphane 5 to form six-membered rings that can create higher-order
bridges between metal centers. Herein, the direct synthesis of bimetallic group 10 complexes that
are triply bridged by the bicyclic diphosphane 5 is reported. In each complex the fourth coordina-
tion site is occupied by a soft ligand present in the reaction mixture. Complexes involving other
metals were also investigated briefly.
3.2 Synthesis of Bicyclic Dinuclear tris-(Ditopic Diphosphane) Com-
plexes of Zerovalent Group 10 Metals
3.2.1 Bicyclic Diphosphanes as Bridges for Dinuclear Complexes
Treatment of Ni(1,5-cod)2 (cod = 1,5-cyclooctadiene) with 1–2 equivalents of diphosphane 5
yields a single phosphorus-containing, major product: a bimetallic complex with three µ,η1:1-
bound diphosphanes and one η1-terminally bound diphosphane (Scheme 3.1). Its molecular
formula, (η1-5)Ni(µ,η1:1-5)3Ni(η1-5) (8), was determined by single crystal X-ray diffraction
(Fig. 3-1). Using a 2:5 ratio of Ni(1,5-cod)2 to diphosphane 5, the reaction proceeds stoichiomet-
rically, yielding bright orange solutions. On a preparative scale, analytically pure complex 8 was
isolated in 48% yield as a soluble, bright yellow powder after recrystallizing from THF (tetrahy-
drofuran) at −35 ◦C. It is interesting to note that complex 8 is obtained in only two steps starting
from white phosphorus, 2,3-dimethylbutadiene, and a nickel(0) source.
Bimetallic complexes of palladium and platinum were obtained in an analogous fashion. Treat-
ment of diphosphane 5 with Pd(PPh3)4 or Pt(PPh3)4 led to the formation of a single, new product
in both cases: (Ph3P)M(µ-5)3M(PPh3) (9-Pd and 9-Pt; Scheme 3.2). These bimetallic complexes
have very similar {M(5)3M} units (Fig. 3-1) with respect to that found in complex 8 (Table 3.1).
No traces of monometallic or lower-order bridging complexes were observed by 31P NMR spec-
troscopy even when excess M(PPh3)4 was used. From toluene mixtures containing 2:3 metal
reagent to diphosphane 5, complexes 9-Pt and 9-Pd were isolated as yellow powders in 91% and
65% yield, respectively, after layering the solutions with pentane and storing them at −35 ◦C.
The nickel analogue was then targeted by adding a 3:2 mixture of diphosphane 5 and PPh3
to solutions of Ni(1,5-cod)2. Complex (Ph3P)Ni(µ-5)3Ni(PPh3) (9-Ni) was successfully formed,
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Scheme 3.1: Formation of the dinickel complex 8 incorporating three bridging and two axial,
monodentate diphosphane 5 ligands.
P
P
P
P
P P
E
M
M
E
Scheme 3.2: Formation of the three-fold symmetric, group 10 bimetallic complexes 9-M, 10 and
11 incorporating three bridging diphosphane molecules 5 and two axial EPh3 ligands (E = P, As,
or Sb).
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and isolated as a bright orange powder in 89% yield (Scheme 3.1). Furthermore, heavier group 15
analogues could be used as axial ligands by replacing PPh3 with either AsPh3 or SbPh3. The com-
plexes (Ph3E)Ni(µ-5)3Ni(EPh3) (10 for E = As; 11 for E = Sb) were isolated from toluene–pentane
mixtures stored at−35 ◦C as yellow powders in 88% and 87% yield, respectively. Replacing PPh3
with BiPh3 led to the formation of only complex 8, indicating the bismuthane’s inability to serve
as an adequate axial ligand. Similarly, only complex 8 was formed when the reaction was carried
out in the presence of a large excess of N-donor solvent molecules such as acetonitrile or pyridine.
A high degree of thermal stability is observed for complexes 8–11. As solids, they do not
decompose under an inert atmosphere until ca. 200 ◦C. This is only slightly below the decompo-
sition temperature of free diphosphane 5, ca. 220 ◦C. The complexes are also stable in solution, as
only complexes 10 and 11 showed decomposition with conversion into complex 8 and free EPh3
(by NMR spectroscopy) upon heating to 80 ◦C for a day. Although the complexes can be synthe-
sized in concentrated reaction mixtures, they crystallize out of solution very easily, thus rendering
extended characterization in solution rather difficult.
3.2.2 Contrasting Behavior to the Acyclic Diphosphane P2Ph4
Contrasting results were observed when, for purposes of comparison, the reactivity of P2Ph4 with
the same group 10 metal precursors was investigated. Treatment of Ni(1,5-cod)2 with P2Ph4 in
benzene led to a gradual color change from yellow to orange to green, and eventually to dark
brown. NMR spectroscopy revealed release of 1,5-cyclooctadiene without the appearance of any
other NMR-active species. A few dark-green crystals of the previously reported Ni(HPPh2)4 26
were obtained after the reaction mixture had aged for several days. Since 1,5-cyclooctadiene is
known to be a competent H-atom donor,27 it is perhaps the source of the phosphine hydrogen
atom in the crystalline nickel product. Treatment of Pd(PPh3)4 with P2Ph4 in benzene produced a
complex reaction mixture which included free PPh3 and P2Ph4, but no 31P–31P coupled multiplets
in the 31P NMR spectrum (Fig. 3-18). In the presence of O2 and H2O, P2Ph4 adds oxidatively
to palladium.10 No reactivity in benzene was observed between Pt(PPh3)4 and P2Ph4 (Fig. 3-19).
This could be attributed to the reduced σ -donation ability of aromatic phosphines like P2Ph4, when
compared to diphosphane 5.
Although the P–P bond is a relatively strong bond (ca. 50 kcal/mol),28 diphosphanes are com-
monly susceptible to P–P bond cleavage.3 The above observations suggest that diphosphane 5 is
stabilized with respect to P–P bond-cleavage —compared to P2Ph4— by the rigid framework of
the fused six-membered rings in ligand 5.
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Figure 3-1: Molecular structure of the dinickel complex (η1-5)Ni(µ-5)3Ni(η1-5) (8), with hy-
drogen atoms and solvent molecules removed for clarity. Selected interatomic distances [A˚] and
angles [◦]: Ni1–Ni1a 3.9085(5), P1–P2 2.2239(8), P3–P4 2.2280(14), P5–P6 2.2262(14), P7–P8
2.2241(14); P1–Ni1–Ni1a 180; Ni1–P3–P4–Ni1a 7.09(8), Ni1–P5–P6–Ni1a 5.89(8), Ni1–P7–P8–
Ni1a 9.06(9).29
3.3 Characteristics of Dinuclear Group 10 Complexes Containing
{M2P6} Barrelene Cages
3.3.1 Features of the {M2P6} Cages in the Solid State
In the solid state, complex 8 has the nickel atoms and the terminal η1 diphosphanes related by a
crystallographically imposed inversion center. This forces the bridging diphosphanes to be disor-
dered over two symmetry-related sites, as the whole {Ni(5)3Ni} central fragment is close to having
a three-fold symmetry axis. Complexes 9-M and 10 are isostructural in the solid state (Fig. 3-2),
but only 9-Ni and 10 are rigorously C3-symmetric. Aside from the change in the axial ligands,
the molecular structures of complexes 8–10 are closely related. The bicyclic {M2P6} cages are
very similar apart from variations in the covalent radii of the metal centers (Table 3.1). The P–P
distances are less than 0.01 A˚ longer than the value measured in free diphosphane 5 (2.2218(5)
A˚). The diphosphane binding angle (P–P–M) is in the 112–114◦ range, while the angles at the
metal positions (P–M–P) are in the 104–106◦ range. The tetrahedral geometry at the metal centers
ensures that the fourth, axial ligand forms P–M–E angles in the 112–114◦ range. The M–M–E an-
gles are very close to 180◦ for 9-Pd and 9-Pt, while for the nickel complexes (8, 9-Ni and 10), the
axial pnictogen atoms are rigorously collinear with the metal centers. Overall, the {M(µ-5)3M}
units are nearly D3h symmetric in all complexes. The lack of a σ symmetry plane through the
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Figure 3-2: Molecular structure of the diplatinum complex (Ph3P)Pt(µ-5)3Pt(PPh3) (9-Pt), with
hydrogen atoms and solvent molecules removed for clarity. Selected interatomic distances [A˚] and
angles [◦]: Pt1–Pt2 4.0846(3), P1–P4 2.2219(15), P2–P5 2.2222(15), P3–P6 2.2204(15); P7–Pt1–
Pt2 176.11(3), Pt1–Pt2–P8 179.87(3); Pt1–P1–P4–Pt2 5.09(8), Pt1–P2–P5–Pt2 3.94(8), Pt1–P3–
P6–Pt2 1.48(8).29
P–P bond midpoints perpendicular to the M–M axis stems from a slight deviation from 0◦ in the
M–P–P–M dihedral angles, found between 3◦ and 9◦. These values are much smaller than those
of the multiple diphosphane bridges reported in the literature.18,20,21,23 The angle formed between
the phosphorus lone pairs of the diphosphane (θ in Table 3.1) can be estimated to be in the 44–48◦
range, with a mean value of 46◦ (θ = 2× ([6 M–P–P]−90◦)) . This confirms that diphosphane 5
is well-suited for forming bridges between metal centers.
The M–M distances increase in the 9-Ni < 9-Pd < 9-Pt order, from 3.9607(6) A˚, to 4.0577(6)
A˚, and 4.0846(3) A˚ respectively. The latter two values are in contrast with the longer M–P dis-
tances in 9-Pd than in 9-Pt, and this results from slight variations in binding angles across com-
plexes 9-M. Changing the axial ligand from PPh3 to η1-5 produces a slight shortening to 3.9085(5)
A˚ in complex 8 as compared with that in 9-Ni, together with a contraction in the axial ligand–metal
distance. The latter observation is consistent with the more electron-donating character of the
diphosphane but is not correlated with a significant elongation in the cage M–P distances. Only
when switching to AsPh3 in complex 10 is the electronic environment perturbed sufficiently to
result in a 0.01 A˚ decrease in the cage M–P distances and a larger decrease of the Ni–Ni distance
to 3.8532(4) A˚.
83
CHAPTER 3.
Table
3.1:
A
verage
interatom
ic
distances
[A˚
]
and
angles
[ ◦]
for
the{M
2 P
6 }
clusters
and
the{M
2 P
4 }
rings
(13
and
15). 29
,a
M
–M
P–P
M
–P
M
–E
b
P–P–M
P–M
–P
P–M
–E
b
M
–M
–E
b
M
–P–P–M
θ
c
5
—
–
2.2218(5)
—
–
—
–
—
–
—
–
—
–
—
–
0.4
d
45.9
d
8
3.9085(5)
2.226
e
2.171
2.1425(6)
112.7
e
105.6
112.8
180(0)
7.3
45.4
9-Pt
4.0846(3)
2.222
2.303
2.259
113.8
104.7
113.9
178.0
3.5
47.6
9-Pd
4.0577(6)
2.224
2.351
2.294
112.7
105.6
113.1
174.4
8.9
45.4
9-N
i
3.9607(6)
2.2274(6)
2.173
2.153
113.4
105.1
113.6
180(0)
6.13(4)
46.9
12
4.712
2.2246
2.384
—
-
121.61
94.91
—
-
—
-
4.5
63.2
13
5.015
2.1835
2.3062
—
-
122.65
99.48(1)
—
-
—
-
(55.9)
(52.3)
15
5.148
2.2329
2.5334
—
-
125.12
94.43
—
-
—
-
1.0
70.24
a
Standard
deviations
are
listed
only
for
directly
m
easured
values;
rem
aining
values
represent
arithm
etic
averages
of
values
fully
listed
at
the
end
of
the
chapter.
b
E
denotes
the
pnictogen
atom
of
axial
ligands
(i.e.:
P,A
s,or
Sb).
cD
iphosphane
lone-pair
angle,w
hich
can
be
calculated
as
θ
=
2×
([ 6
M
–P–P
]−
90 ◦)
in
the
m
etalcom
plexes.
d
D
ihedralangle
betw
een
the
lone
pairs
in
5
is
inferred
from
the
average
C
–P–P–C
angle
in
the
reported
crystalstructure, 2
w
hile
the
lone-pair
angle
is
estim
ated
as
the
average
ofθ
in
8–10.
eT
he
P–P
and
P–P–N
ivalues
for
the
η
1-bound
diphosphane
are
2.2239(8)A˚
and
114.54(3) ◦,respectively.
84
CHAPTER 3.
3.3.2 Comparison to triphos Ligands in Monometallic Complexes
Tripodal ligands play an important role in many branches of modern chemistry, and among those
based upon phosphorus, the archetype is triphos (triphos = MeC(CH2PPh2)3).30 The complexes
8–11 can be regarded as having two such ligands merged together to bind two metal centers, with a
{LM(5)3} fragment being equivalent to one triphos ligand. Complexes 9-Ni and 10 compare well
to monometallic analogues supported by the triphos framework, (triphos)Ni(EPh3) (E = P, As).31
They exhibit similar Ni–P and Ni–E distances, with P–Ni–E and P–Ni–P angles close to 113◦
and 105◦ respectively, compared to ca. 120◦ and 97◦ respectively for the triphos complexes.31
Complex 9-Pt compares well to (triphos)Pt(P(p-C6H4F)3), which has P–Pt–E and P–Pt–P an-
gles of ca. 123◦ and 94◦, respectively.32 Similar coordination angles to 9-Pd were reported for
(FSi(CH2CH2PMe2)3)Pd(PPh3),33 with P–Pd–E and P–Pd–P angles around 108◦ and 111◦ re-
spectively. A less rigid, longer tripodal ligand appears to be required to better approximate the
angles of the diphosphane bridges here.
Although multiple triphos complexes of platinum with an axial phosphine ligand have been
reported,34 only (triphos)Pt(P(p-C6H4F)3) has been characterized crystallographically.32 This is
reported to have average Pt–P distances of 2.297 A˚, and an axial Pt–P distance of 2.261 A˚.32 The
former distances are slightly shorter than the ones in complex 9-Pt, while the latter is slightly
longer. This is consistent with the distance variations from the nickel complex 9-Ni and its triphos
analogue. The average P–Pt–Pax angle here is around 114◦ and the P–Pt–P for the bridges is 105◦,
while for the similar triphos structure the angles are 123◦, and 94◦ respectively.32
The only tripodal phosphine palladium complex with an axial PPh3 reported in the literature
that is characterized by X-ray diffraction methods is (FSi(CH2CH2PMe2)3)Pd(PPh3).33 The Pd–
PPPh3 distance is 2.347 A˚ while the other Pd–P distances average 2.337 A˚; in complex 9-Pd, they
are 2.294 and 2.351 A˚ respectively. Identical trends with the platinum complex 9-Pt and its triphos
analogue can be observed, where the M–PPPh3 distances are slightly shorter in complex 9-Pd, while
the other Pd–P distances are slightly longer. The average P–Pd–Pax angle is around 113◦ and the
P–Pd–P for the bridges is 106◦, which is quite similar to the reported values for the tripodal
structure, with angles of 108◦ and 111◦, respectively.33
3.3.3 31P NMR Spectroscopic Features of Dinuclear Complexes
The {M2P6} cages exhibit interesting 31P NMR spectroscopic features. Complexes 10 and 11
manifest a single, sharp resonance for the six phosphorus atoms (Table 3.2). The 31P NMR spectra
of complexes 9-M are interpreted as A2X6 coupled spin systems in the Pople nomenclature.35
Here, the strong coupling between the two phosphorus atoms of the diphosphane bridges results
in a virtual coupling,36 where the PPh3 resonance is a triplet and the diphosphane is a septuplet.
The 31P NMR signals in complex 8 split even further to an A2M2X6 spin system, with a large
31P–31P coupling across the terminal diphosphane ligands measured at 344 Hz (Fig. 3-3).
85
CHAPTER 3.
PPM -8 -12 -16 -20 -24 -28 -32 -36 -40 -44 -48 -52 -56 -60 -64
Figure 3-3: 31P{1H} NMR spectrum of the dinickel complex 8 (C6D6, 20 ◦C, 162 MHz) corre-
sponding to an A2M2X6 spin system with three 1:3:1 resonances at −7.3 (dvsept, PA), −30.2 (tt,
PX) and −62.1 (dvsept, PM) ppm. Coupling constants [Hz]: 1JPAPM = 344; JPAPX = 55.9; JPMPX =
22.1.
The 31P NMR resonances of the diphosphane bridges exhibits a downfield shifting across
complexes 8–11 (Table 3.2). This shift is more pronounced with increased electronegativity of
the metal center and decreased electronegativity in that of the axial atom (δ5 < δ9-Pt < δ9-Pd <
δ9-Ni < δ10 < δ11). In complexes 9-M, the chemical shifts of the axial ligands exhibit the same
downshift trend as the diphosphane bridges; the 31P–31P coupling constants between PPh3 and 5
increase with the electropositivity of the metal center. The 31P NMR chemical shift of the terminal
PPh3 group in the (Ph3P)Ni(triphos) complex appears at +38.5 ppm,31 which indicates a weaker
inductive effect from the triphos framework compared to the tris-diphosphane framework whose
signals are shifted upfield to +36.7 ppm.
Large one-bond 195Pt–31P coupling constants were observed with the bridges and PPh3 lig-
ands, with larger values for the latter (3510 Hz and 4650 Hz respectively). Similar coupling trends
were observed in the (triphos)Pt(PPh3) complex.37 A two-bond 195Pt–31P coupling constant across
the {Pt2P6} cage was also measured for complex 9-Pt (379 Hz). Due to the very strong 195Pt–31P
spin coupling, when analyzing the 195Pt satellites, complex 9-Pt is resolved as a A2X3X′3 spin
system (Fig. 3-6). Only a single one-bond coupling (1J31P−195Pt) of 4650 Hz is observed for the
PPh3 resonance, while the diphosphane resonance shows a distinct two-bond coupling (2J31P−195Pt)
of 379 Hz, in addition to the one-bond coupling(1J31P−195Pt) of 3510 Hz. A trend can be seen also
for the one-bond 195Pt–31P coupling constants of complex 9-Pt compared to the analogous com-
plex (triphos)Pt(PPh3): 4650 Hz versus 5400 Hz for PPh3, and 3510 Hz versus 3096 Hz for the
bridging phosphines. Even though the virtual 31P–31P two- and three-bond coupling is observed
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Figure 3-4: 31P{1H} NMR spectrum of the dinickel complex (Ph3P)Ni(µ-5)3Ni(PPh3) (9-Ni,
C6D6, 20 ◦C, 162 MHz) corresponding to an A2X6 spin system, with resonances at +31.6 and
−36.7 ppm.
PPM 40 30 20 10 0 -10 -20 -30 -40
Figure 3-5: 31P{1H} NMR spectrum of the dipalladium complex (Ph3P)Pd(µ-5)3Pd(PPh3) 9-Pd
9-Pt (C6D6, 20 ◦C, 162 MHz) corresponding to an A2X6 spin system, with resonances at +31.2
and −33.7 ppm.
87
CHAPTER 3.
PPM 38 34 30 26 22 18 14 10 -34 -38 -42 -46 -50 -54 -58
PX
PA
Pt
Pt
PA
PX
PX
PX
PX PX
PX
PA
Figure 3-6: 31P{1H} NMR spectrum of the diplatinum complex (Ph3P)Pt(µ-5)3Pt(PPh3) (9-Pt,
C6D6, 20 ◦C, 162 MHz) corresponding to an A2X6 spin system with resonances at +26.8 (vsept,
PA, displayed with a three-fold magnification in intensity) and −45.3 (vt, PX) ppm. Coupling
constants [Hz]: JPAPX = 79.3 ;
1J195PtPA = 4650;
1J195PtPX = 3510;
2J195PtPX = 379.
to be 79 Hz for 9-Pt, it is significantly higher that the two-bond coupling of 51 Hz observed for
(triphos)Pt(PPh3).37
Table 3.2: 31P NMR chemical shifts [ppm] and 31P–31P bond coupling constants [Hz] be-
tween the axial ligands (PA) and the diphosphane bridges (PX) of dinuclear group 10 com-
plexes, and complexes 12, 13, and 15.
δPX δPA JPAPX
5 −53.6 —- —-
9-Pt −45.3 +26.8 79.3
9-Pd −33.7 +31.2 56.2
9-Ni −31.6 +36.7 48.4
8 −30.2 −7.3 55.9
10 −28.2 —- —-
11 −21.6 —- —-
12 −28 —- —-
13 −28 —- —-
15 −16 —- —-
3.3.4 Axial Ligand Exchange Reactions
Uniquely among the complexes reported herein, the arsine (10) and stibine (11) complexes exhibit
evidence of axial ligand lability in both the 1H and 31P NMR spectra (Fig. 3-7 and 3-12). 1H NMR
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Scheme 3.3: Axial-ligand exchange with the nickel arsine complex 10.
resonances consistent with free EPh3 (E = As or Sb) and 31P NMR multiplets consistent with ei-
ther [Ni(µ-5)3Ni(EPh3)] or [(solvent)Ni(µ-5)3Ni(EPh3)] structures were observed. This implied
EPh3-dissociation is correlated with an increased solubility of 10 and 11 when compared to that of
9-Ni. The “naked” [(triphos)Ni] complex has been proposed several times as an intermediate.38
Although no such “naked”, tripodal nickel(0) complexes have been characterized crystallographi-
cally, the related (N(CH2CH2PPh2)3)Pd complex has been investigated.22,39
Axial ligand lability was confirmed by treating complexes 10 and 11 with PPh3, a stronger-
binding ligand than either AsPh3 or SbPh3. Indeed, the clean formation of the bimetallic complex
9-Ni and release of EPh3 was observed in both cases, with the bimetallic cage remaining intact
(Scheme 3.3). Furthermore, treatment of complex 9-Ni with equimolar amounts of either 10 or
11 leads to 31P NMR spectroscopic evidence of partial conversion to mixed-ligand bimetallic
complexes of the type (Ph3P)Ni(µ-5)3Ni(EPh3).
With this in mind, other ligand exchange reactions were investigated with complex 10. Treat-
ment with MeCN, pyridine, 2,6-dimethylpyrazine, DABCO (1,4-diazabicyclo[2.2.2]octane),
DMAP (4-Dimethylaminopyridine), dbabh-CN (dbabh = 2,3:5,6-dibenzo-7-azabicyclo[2.2.1]hep-
ta-2,5-diene),40 ethylene or THT (tetrahydrothiophene) did not lead to any indication of decom-
position or displacement of the axial ligands. Substitution of the axial ligands was observed only
with more potent soft bases. For example, treatment with PEt3 led to the appearance of a 31P NMR
triplet at −31.1 ppm, together with the corresponding septuplet at +37 ppm. Interestingly, when
10 was exposed to excess (1 atm) carbon monoxide, a sharp singlet at −20 ppm appeared in
the 31P NMR spectrum with no release of 5 ligands, likely indicating the selective formation of
(OC)Ni(µ-5)3Ni(CO). Isonitriles (2 equiv) also exhibited clean reactivity with 10, leading to the
appearance of sharp singlets in the 31P NMR spectra: at −31.0 ppm with tBu-NC, at −28.7 ppm
with 2,6-Me2C6H3-NC (Scheme 3.3). This result is very promising as aryl diisocyanides may
allow binding of multiple {Ni(µ-5)3Ni} barrelene cages to form one-dimensional coordination
polymers (with 1,4-diisocyanide), or hexagonal (1,3-diisocyanide) or trigonal (1,2-diisocyanide)
macrocycles containing six and three barrelene units, respectively. Alternatively, benzene-1,3,5-
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Figure 3-7: NMR spectrum of isolated pure arsine complex (Ph3As)Ni(µ-5)3Ni(AsPh3) (10) in-
dicating the presence of dissociated AsPh3: 1H NMR (top, C6D6) and 31P{1H} NMR (bottom,
pyridine-d5).
90
CHAPTER 3.
Figure 3-8: Molecular structure of dirhodium(I) dication [(cod)Rh(µ-5)3Rh(cod)]2+ (12), with
hydrogen atoms, [BF4]− anions, and solvent molecules removed for clarity. Selected interatomic
distances [A˚] and angles [◦]: Rh1–Rh2 4.712, P1–P4 2.2241(13), P2–P5 2.2245(14), P3–P6
2.2252(14), Rh1–P2 2.3446(11), Rh1–P1 2.3709(11), Rh1–P3 2.3912(10), Rh2–P5 2.3560(10),
Rh2–P4 2.3665(10), Rh2–P6 2.3810(10); P4–P1–Rh1 121.03(5), P1–P4–Rh2 121.98(5), P5–P2–
Rh1 121.51(5), P2–P5–Rh2 122.38(5), P6–P3–Rh1 122.16(5), P3–P6–Rh2 120.61(5), P2–Rh1 P1
93.59(4), P2–Rh1 P3 95.02(4), P1–Rh1–P3 96.14(4), P5–Rh2–P4 95.46(4), P5–Rh2–P6 94.70(4),
P4–Rh2–P6 94.52(4), Rh1–P1–P4–Rh2 9.65, Rh1–P2–P5–Rh2 1.10, Rh1–P3–P6–Rh2 2.85.
triisonitrile could provide for two-dimensional metal–organic frameworks.
3.4 Bicyclic Diphosphanes Bridging Other Transition Metals
3.4.1 Complexes of Group 8, 9, and 11 Metals
Diphosphane 5 proved to be a very versatile bridge for the formation of dinuclear complexes. De-
pending on the number of labile ligands present in the metal precursor, products containing either
single, double, or triple bridges were formed. For example, treatment of 5 with [Rh(cod)2][BF4]
salt led to the crystallization from solution of the dicationic complex [(cod)Rh(µ-5)3Rh(cod)][BF4]2
(12, Fig. 3-8, 31P NMR δ : −28 ppm). The labile cod ligands in 12 may allow for access to catalytic
reactions provided by a dirhodium cage. Alternatively, treatment of Ru(η3-2-MeC3H4)2(cod) with
diphosphane 5 led to the bimetallic complex (η3-2-MeC3H4)2Ru(µ-5)2Ru(η3-2-MeC3H4)2 (13),
which has only two diphosphane bridges (Fig. 3-9). The 31P NMR spectrum exhibits a sharp
singlet around −28 ppm, but in the solid state, it exhibits a distorted boat conformation for the
{Ru2P4} ring (Fig. 3-9). Nevertheless, ligand substitution with COD may not necessarily always
be favorable, as treatment of [Ir(cod)Cl]2 with diphosphane 5 led to the formation of crystals with a
molecular formula [(cod)Ir(µ-Cl)(µ-5)Ir(cod)][Ir(cod)Cl2] (31P NMR δ : −17 ppm). No reactivity
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Figure 3-9: Two views of the molecular structure of diruthenum(II) complex (η3-2-
MeC3H4)2Ru(µ-5)2Ru(η3-2-MeC3H4)2 (13) containing two diphosphane bridges, with hydrogen
atoms removed for clarity. Selected interatomic distances [A˚] and angles [◦]: Ru1–Ru1a 5.015
P1 P1a 2.1901(6), P2 P2a 2.1769(6), Ru1 P1 2.3125(3), Ru1 P2 2.2999(3), Ru1 C1 2.2482(11),
Ru1 C2 2.1706(11), Ru1 C3 2.2266(11), Ru1 C5 2.2465(11), Ru1 C6 2.1657(11), Ru1 C7
2.2336(11), P1a–P1–Ru1 122.696(10), P2a–P2–Ru1 122.603(11), P2–Ru1–P1 99.479(12), Ru1–
P1–P1a–Ru1a 54.41, Ru1–P2–P2a–Ru1a 57.52
could be observed with Fe(CO)3(cod) even after heating for 12 hours at 90 ◦C in benzene.
As was shown with the formation of complexes 9-Pd and 9-Pt, PPh3 can be displaced by
diphosphane 5. Release of free phosphine was observed from CoCl(PPh3)3 and RhCl(PPh3)3 but
in the case of gold(I), no such displacement was observed for AuCl(PPh3). Only when using
AuBr(THT) or AuCl(SMe2), formation of a complex consistent with the formulation XAu(µ-
5)AuX (14) could be observed. However, these products exhibit a notable change in the 31P NMR
chemical shift, with broad resonances at +3 ppm (X = Cl) and −5 ppm (X = Br). Other metal
complexes containing a symmetric µ-5 bridges have characteristic 31P NMR chemical shifts typ-
ically in the −15 to −45 ppm range (Table 3.2). The reason for this shift could be due to the
presence of aurophilic interactions between multiple digold complexes. The analogous complex
ClAu(µ-PhRP–PRPh)AuCl (R2 = 1,8-naphthalene) was crystallized as a dimer where four gold(I)
atoms form an elongated tetrahedron.41 These aurophilic interactions in the XAu(µ-5)AuX com-
plex allow for a chelating pocket for binding unusual substrates. Gold(II) complexes with xenon
have been reported,42 suggesting that oxidation of the digold(I) complex with XeF2 could afford
{XeAu2P2} metallacycles.
3.4.2 Group 6 Metal Complexes with Bicyclic Diphosphane Ligands
Zero-valent group 6 metals are known to exhibit similar reactivity to the zero-valent group 10
ones. As a result, various group 6 precursors of the type M(CO)6−xLx were investigated for
reactivity with diphosphane 5. Unlike the group 10 precursors, the group 6 precursors reacted
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much more sluggishly. As a result, multiple species, including mono-metallated intermediates
containing η1-5 ligands could be identified by 31P NMR spectroscopy. With Cr(CO)3(η6-C6H6),
after heating for 12 h at 90 ◦C, a small amount of pairs of doublets were observed, consistent with
a Cr(CO)3L3−x(η1-5)x formulation (x = 1, 2, 3). Similarly sluggish reactivity could be observed
with M(CO)3(η6-1,3,5-Me3C6H3) (M = Mo, W) and Mo(CO)3(NCMe)3.
With W(CO)3(NCMe)3 however, conversion to (OC)3W(µ-5)3W(CO)3 (31P NMR δ : −41
ppm) appeared to be complete in THF after 9 hours at room temperature. With Mo(CO)3(η6-
C7H8), a complete conversion of free diphosphane into η1-bound 5 ligands was observed in THF
after an hour at room temperature. This result indicates that upon further optimization, the se-
lective, clean formation of (OC)3Mo(η1-5)3 ought to be achievable. Most importantly, such a
complex could allow access to building hetero-bimetallic complexes such as (OC)3Mo(µ,η1:1-
5)3Ni(L). Alternatively, with (norbornodiene)Mo(CO)4, Carl D. Hoff observed the consumption of
5 and formation of the bimetallic complex (OC)4Mo(µ-5)2Mo(CO)4 (15, 31P NMR δ : −16 ppm)
is rapid.
3.5 Concluding Remarks
The syntheses of complexes 8–12 show that the diphosphane 5 offers an enhanced stability of the
P–P bond and an essentially fixed dihedral angle between the two phosphorus lone pairs that is
appropriate for forming bimetallic complexes. Group 10 bimetallic complexes of the type reported
herein are now available via a concise synthesis for investigation of applications in catalysis or,
via axial ligand exchange, as potential components of coordination polymers and supramolecular
structures. The {M2P6} cages containing two group 10 metals and three diphosphane 5 bridges
form in all of these complexes and their structure is very consistent even when changing the metal
center or the fourth, axial ligand. Formation of bimetallic complexes of metals from groups 8, 9
and 11 was also investigated, while group 6 metal precursors allowed for the production of both
mono- and bimetallic products.
3.6 Experimental Details
3.6.1 General Synthetic Procedures
All manipulations were performed in a Vacuum Atmospheres model MO-40M glove box under
an inert atmosphere of purified N2. Solvents were obtained anhydrous and oxygen-free by bubble
degassing (N2) and purification using a Glass Contours Solvent Purification System built by SG
Water. Deuterated solvents were purchased from Cambridge Isotope Laboratories, degassed, and
stored over molecular sieves prior to use. All glassware was oven-dried at temperatures greater
than 170 ◦C prior to use. Celite© 435 (EM Science) was dried by heating above 200 ◦C under a
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dynamic vacuum for at least 48 h prior to use, while alumina (activated, basic, Brockman I) was
dried similarly for at least 7 days prior to use. 1H, 13C and 31P NMR spectra were obtained on
Varian Mercury 300, Varian Inova 500, or Bruker Avance 400 instruments equipped with Oxford
Instruments superconducting magnets, and were referenced to appropriate solvent resonances: for
C6D6 signals 1H at 7.16 ppm, and 13C at 128.39 ppm; for THF-d8: 1H at 3.58 and 1.73 ppm, 13C
at 67.57 and 25.37 ppm; for CDCl3: 1H at 7.26 ppm, 13C at 77.16 ppm.43 31P NMR spectra were
referenced externally to 85% H3PO4 (0 ppm). Elemental analyses were performed by Midwest
Microlab LLC, Indianapolis, IN. White phosphorus was acquired from Thermphos International,
while all other reagents were purchased from commercial sources.
3.6.2 Synthesis of Complex (η1-5)Ni(µ-5)3Ni(η1-5) (8)
A solution of 5 (102 mg, 0.45 mmol, 5.0 equiv) in THF (5 mL) was added to a THF (4 mL) solution
of Ni(1,5-cod)2 (50 mg, 0.18 mmol, 2.0 equiv) under stirring. The mixture turned immediately
from yellow to orange, and then to dark brown. After 15 min, all volatile materials were removed
under reduced pressure and the remaining residue was redissolved in THF (3 mL). The mixture
was stored at –35 ◦C and the precipitate that formed was collected via sucction filtration on a
fritted glass filter, washed with cold pentane, and dried under reduced pressure to yield bright
yellow solids containing analytically pure complex 8 (54 mg, 0.043 mmol, 48% yield). 1H NMR
(C6D6, 20 ◦C, 400 MHz) δ : 2.75–2.70 (m, 4 H, η
1
CH2), 2.69 (d, 2JHH = 14.4 Hz, 12 H, µCHH),
2.53 (d, 12 H, µCHH), 2.33–2.17 (m, 12 H, η
1
CH2), 1.90 (s, 12 H, η
1
CH3), 1.81 (s, 36 H, µCH3),
1.77 (s, 12 H, η
1
CH3) ppm (Fig. 3-10); assignments were made based on the 1H–1H COSY NMR
spectrum (Fig. 3-11). 13C{1H}NMR (C6D6, 20 ◦C, 100.6 MHz) δ : 126.5 (η1CH0), 126.3 (µCH0),
125.1 (d, 2JCP = 7 Hz, η
1
CH0), 40.6 (µCH2), 40.1 (η
1
CH2), 28.5 (1JCP = 34.0 Hz, η
1
CH2), 23.4
(µCH3), 23.2 (η
1
CH3), 22.0 (η
1
CH3) ppm. 31P{1H} NMR (C6D6, 20 ◦C, 121.5 MHz) δ : –7.3
(d-vsept, 1JPP = 344 Hz, 2 P, NiPAPM), –30.2 (vt-vt, 2+3JPP = 55.9 Hz, 3+4JPP = 22.1 Hz, 6 P,
NiPX PX Ni), –62.1 (d-vsept, 2 P, NiPAPM) ppm (Fig. 3-3). Elemental analysis [%] found (and
calcd. for C60H100Ni2P10): C 58.03 (57.72); H 7.85 (8.07); N none (0.00); P 24.46 (24.81).
3.6.3 Synthesis of Complex (Ph3P)Ni(µ-5)3Ni(PPh3) (9-Ni)
A toluene (7 mL) solution containing PPh3 (389 mg, 1.48 mmol, 2.0 equiv) and 5 (503 mg, 2.28
mmol, 3.0 equiv) was added drop-wise to a toluene (13 mL) solution of Ni(1,5-cod)2 (408 mg,
1.48 mmol, 2.0 equiv). During the addition, the color changed from bright yellow to dark orange.
The resulting mixture was stirred for one hour during which time an orange precipitate formed.
The mixture was stored overnight at –35 ◦C and the precipitate was isolated on a fritted glass filter,
washed with cold pentane, and dried under reduced pressure (705 mg). Volatiles from the filtrate
were removed under reduced pressure and toluene (8 mL) and Et2O (2 mL) were added to the
obtained residue. The precipitate (157 mg) was isolated from this mixture after storing it at –35
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Figure 3-10: 1H NMR spectrum of complex 8.
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Figure 3-11: 1H-1H COSY spectrum of complex 8 with separate coupling patterns at bridging
(blue) and terminal (green) diphosphane ligands.
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◦C. The bright orange solids that were isolated (862 mg in total, 0.65 mmol, 89% yield) consisted
of analytically pure complex 9-Ni. 1H NMR (C6D6, 20 ◦C, 500 MHz) δ : 7.91 (t, 3JHH = 3JHP =
7.8 Hz, 12 H, o-Ph), 7.22, (t, 3JHH = 7.3 Hz, 12 H, m-Ph), 7.12 (t, 3JHH = 7.7 Hz, 6 H, p-Ph), 2.38
(brd, 2JHH = 13.8 Hz, 12 H, CHH), 2.31 (brd, 12 H, CHH), 1.63 (s, 36 H, CH3) ppm. 13C{1H}
NMR (C6D6, 20 ◦C, 100.6 MHz) δ : 134.6 (d, 1JCP = 16.6 Hz, i-Ph), 128.7 (o-Ph), 128.3, 128.1,
126.7 (CH0), 38.3 (brs, CH2), 23.0 (CH3) ppm. 31P{1H} NMR (C6D6, 20 ◦C, 161.9 MHz) δ :
+36.7 (vsept, JPAPX = 48.4 Hz, 2 P, PAPh3), –31.6 (vt, 6 P, 5) ppm (Fig. 3-4. Elemental analysis
[%] found (and calcd. for C72H90Ni2P8): C 65.48 (65.48); H 6.94 (6.87); N none (0.00); P 18.78
(18.76). Decomposition temperature (from DSC): > 210 ◦C.
3.6.4 Synthesis of Complex (Ph3As)Ni(µ-5)3Ni(AsPh3) (10)
A toluene (20 mL) solution containing AsPh3 (451 mg, 1.47 mmol, 2.0 equiv) and 5 (500 mg, 2.21
mmol, 3.0 equiv) was added drop-wise, over 5 min, to a freshly prepared, stirring toluene (30 mL)
solution of Ni(1,5-cod)2 (405 mg, 1.47 mmol, 2.0 equiv). During the addition, the color changed
from bright yellow to orange and eventually to dark brown. After stirring for one hour, the solution
was diluted with pentane (50 mL) and stirred for another 15 minutes. A bright yellow precipitate
formed, which was isolated on a fritted glass filter, washed with copious amounts of pentane (20
mL) and diethyl ether (10 mL), and dried under reduced pressure (582 mg). Volatiles from the
filtrate were removed under reduced pressure and pentane was added to the resulting residue. The
mixture was stirred, and the precipitate was isolated on a fritted glass filter, washed with diethyl
ether, and dried (331 mg). A total of 913 mg (0.65 mmol, 88% yield) of bright yellow-orange
solids containing analytically pure complex 10 were isolated. 1H NMR (C6D6, 20 ◦C, 500 MHz)
δ : 7.91 (dd, 3JHH = 6.9 Hz, 4JHH = 1.3 Hz, 12 H, o-Ph), 7.21, (t, 3JHH = 7.4 Hz, 12 H, m-Ph), 7.13
(tt, 3JHH = 7.4 Hz, 4JHH = 1.5 Hz, 6 H, p-Ph), 2.41 (brd, 2JHH = 13.8 Hz, 12 H, CHH), 2.31 (brd,
12 H, CHH), 1.62 (s, 36 H, CH3) ppm (Fig. 3-7).13C{1H} NMR (C6D6, 20 ◦C, 100.6 MHz) δ :
140.6 (i-Ph), 134.5 (o-Ph), 129.4 (m-Ph), 129.0 (p-Ph), 126.6 (CH0), 39.3 (brs, CH2), 23.0 (CH3)
ppm. 31P{1H} NMR (C6D6, 20 ◦C, 161.9 MHz) δ : –28.2 ppm. Elemental analysis [%] found
(and calcd. for C72H90Ni2As2P6): C 60.92 (61.39); H 6.32 (6.44); N none (0.00); P 13.49 (13.19).
Decomposition temperature (from DSC): > 185 ◦C.
3.6.5 Synthesis of Complex (Ph3Sb)Ni(µ-5)3Ni(SbPh3) (11)
A toluene (5 mL) solution containing SbPh3 (131 mg, 0.371 mmol, 2.0 equiv) and 5 (125 mg,
0.552 mmol, 3.0 equiv) was added drop-wise to a freshly prepared, stirring toluene (2 mL) solution
of Ni(1,5-cod)2 (102 mg, 0.373 mmol, 2.0 equiv). The mixture changed color from bright yellow
to orange and then to dark brown. Within 2 min, an orange precipitate started forming; the mixture
was stirred for another hour at which point pentane (5 mL) was added to precipitate further solids.
These were collected on a fritted glass filter, washed with pentane and diethyl ether, dried and
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wheighed, yielding bright orange solids containing analytically pure complex 11 (234 mg, 0.162
mmol, 87% yield). 1H NMR (C6D6, 20 ◦C, 500 MHz) δ : 8.02 (d, 3JHH = 7.7 Hz, 12 H, o-Ph),
7.26, (t, 3JHH = 7.0 Hz, 12 H, m-Ph), 7.18 (t, 3JHH = 7.6 Hz, 6 H, p-Ph), 2.51 (brd, 2JHH = 14.4 Hz,
12 H, CHH), 2.39 (brd, 12 H, CHH), 1.63 (s, 36 H, CH3) ppm (Fig. 3-12). 31P{1H} NMR (C6D6,
20 ◦C, 161.9 MHz) δ : –21.6 ppm. 13C NMR spectra of complex 11 could not be obtained due to
its very low solubility. At room temperature, it completely crystallizes out of benzene solutions in
less than 30 min, while at temperatures around 80 ◦C it decomposes rapidly. In dimethylsulfoxide,
acetonitrile, THF, or fluorobenzene it is highly insoluble, while in chloroform it decomposes.
Elemental analysis [%] found (and calcd. for C72H90Ni2Sb2P6): C 57.49 (57.57); H 5.92 (6.04);
N none (0.00); P 12.41 (12.37). Decomposition temperature (from DSC): > 190 ◦C.
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Figure 3-12: 1H NMR spectrum of isolated pure stibine complex 11 indicating presence of disso-
ciated SbPh3.
3.6.6 Synthesis of Complex (Ph3P)Pd(µ-5)3Pd(PPh3) (9-Pd)
A toluene (2 mL) solution of 5 (86 mg, 0.38 mmol, 3.0 equiv) was added to a clear, yellow solution
of Pd(PPh3)4 (292 mg, 0.25 mmol, 2.0 equiv) in toluene (15 mL) and the resulting mixture was
stirred for one hour, leading to the formation of small amounts of a yellow precipitate. Pentane
(1 mL) was added and the resulting mixture was stored at –35 ◦C. The precipitate was isolated
on a fritted glass filter, washed with pentane, and dried under reduced pressure to yield bright
yellow solids containing analytically pure complex 9-Pd (117 mg, 0.083 mmol, 65% yield). 1H
NMR (C6D6, 20 ◦C, 500 MHz) δ : 7.97 (brs, 12 H, o-Ph), 7.24, (brs, 12 H, m-Ph), 7.12 (brs, 6
H, p-Ph), 2.41 (brd, 2JHH = 13.3 Hz, 12 H, CHH), 2.22 (brd, 12 H, CHH), 1.69 (s, 36 H, CH3)
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ppm. 13C NMR (C6D6, 80◦C, 125.8 MHz) δ : 134.6 (d, 1JCP = 19.0 Hz, i-Ph), 128.9, 128.7, 128.2,
126.3 (CH0), 37.3 (brs, CH2), 22.6 (CH3) ppm. 31P{1H} NMR (C6D6, 20 ◦C, 161.9 MHz) δ :
+31.2 (vsept, JPAPX = 56.8 Hz, 2 P, PAPh3), –33.7 (vt, 6 P, 5) ppm (Fig. 3-5). Elemental analysis
[%] found (and calcd. for C72H90Pd2P8): C 61.17 (61.07); H 6.41 (6.41); N none (0.00); P 17.35
(17.50). Decomposition temperature (from DSC): > 205 ◦C.
3.6.7 Synthesis of Complex (Ph3P)Pt(µ-5)3Pt(PPh3) (9-Pt)
A toluene (2 mL) solution of 5 (98.8 mg, 0.437 mmol , 3.0 equiv) was added to a clear, pale-orange
solution of Pt(PPh3)4 (362.4 mg, 0.291 mmol, 2.0 equiv) in toluene (8 mL). During the addition,
the color darkened to intense orange. The mixture was stirred for one hour, after which it was
layered with 10 mL pentane and stored at –35 ◦C. The precipitate that formed was isolated on a
fritted glass filter, washed with pentane, and dried under reduced pressure to yield bright yellow
solids of analytically pure complex 9-Pt (211 mg, 0.132 mmol, 91% yield). 1H NMR (C6D6, 20
◦C, 500 MHz) δ : 7.97 (t, 3JHH = 3JHP = 8.4 Hz, 12 H, o-Ph), 7.25, (t, 3JHH = 7.4 Hz, 12 H, m-Ph),
7.12 (t, 3JHH = 7.3 Hz, 6 H, p-Ph), 2.50 (brd, 2JHH = 13.5 Hz, 12 H, CHH), 2.39 (brd, 12 H, CHH),
1.65 (s, 36 H, CH3) ppm. 13C NMR (C6D6, 60◦C, 125.8 MHz) δ : 134.7 (d, 1JCP = 16.7 Hz, i-Ph),
129.3, 128.3, 128.2, 126.8 (CH0), 41.7 (brs, CH2), 23.1 (CH3) ppm. 31P{1H} NMR (C6D6, 20 ◦C,
161.9 MHz) δ : +26.8 (d-vsept, JPAPX = 79.3 Hz, 1J31PA195Pt = 4650 Hz, 2 P, PAPh3), −45.3 (vt,
1J31PX195Pt = 3510 Hz,
2J31PX195Pt = 379 Hz, 6 P, 5) ppm (Fig. 3-6). Elemental analysis [%] found
(and calcd. for C72H90Pt2P8): C 54.32 (54.27); H 5.55 (5.69); N none (0.00); P 15.42 (15.55).
3.6.8 Treatment of Complexes 10 and 11 with PPh3
To a solution of 10 (24.0 mg, 0.017 mmol, 1.0 equiv) in THF (2 mL), PPh3 (7.9 mg, 0.035 mmol,
2.0 equiv) was added as a solution in THF (0.5 mL). The mixture was stirred for 10 min, without
any obvious color change, and after 30 min it was analyzed by 31P NMR spectroscopy. This indi-
cated complete, selective formation of complex 9-Ni and the absence of unreacted PPh3 (Fig. 3-
13).
To a slurry of 11 (23.6 mg, 0.016 mmol, 1.0 equiv) in THF (2 mL), PPh3 (7.9 mg, 0.030
mmol, 1.9 equiv) was added as a solution in THF (0.5 mL). The mixture was stirred for 10 min,
without any obvious change in the appearance of precipitate. A 31P NMR spectrum was obtained
of an aliquot after 30 min of stirring the mixture in which incomplete formation of 9-Ni complex
could be observed. Signals for unreacted PPh3 and 11 were also observed, together with multiplets
around –20 ppm that are consistent with mixed (Ph3P)Ni(5)3Ni(SbPh3) species (Fig. 3-14).
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PPM 40 30 20 10 0 -10 -20 -30 -40 -50
Figure 3-13: 31P{1H} NMR spectrum (THF) of the reaction mixture of complex 10 with 2.0 equiv
of PPh3 after 20 min of stirring.
PPM 44 40 36 32 28 24 20 16 12 8 4 0 -4 -8 -12 -16 -20 -24 -28 -32 -36 -40
42.0654
41.6602
41.2672
40.8656
40.4811
-0.0219
-17.1611
-19.4447
-19.9755
-24.2331
-24.5765
-26.7572
-26.9352
-27.1548
-27.3412
-27.5522
-27.7862
Figure 3-14: 31P{1H} NMR spectrum (THF) of the reaction mixture of complex 11 with 1.9 equiv
of PPh3 after 20 min of stirring.
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3.6.9 Treatment of Complexes 9-Ni and 11 with 10
A suspension of complex 9-Ni (11.2 mg, 0.0080 mmol, 1.0 equiv) in C6D6 (0.5 mL) was added
to a stirring suspension of 10 (10.5 mg, 0.0101 mmol, 1.0 equiv) in C6D6 (0.5 mL) which led to
the dissolution of most of the solids within a minute. NMR spectroscopic analysis indicated the
presence of multiplets in the 31P NMR spectrum consistent with (Ph3P)Ni(5)3Ni(AsPh3) species
(Fig. 3-15).
A suspension of complex 11 (15.3 mg, 0.0101 mmol, 1.0 equiv) in C6D6 (0.5 mL) was added
to a stirring suspension of 10 (14.3 mg, 0.0101 mmol, 1.0 equiv) in C6D6 (0.5 mL) which pro-
duced no obvious color change. The sample was stirred well and after 10 min it was analyzed
by NMR spectroscopy. The appearance of doublets in the 31P NMR spectrum consistent with the
(Ph3As)Ni(5)3Ni(SbPh3) complex was observed (Fig. 3-16).
PPM -26.0 -27.0 -28.0 -29.0 -30.0 -31.0 -32.0 -33.0 -34.0 -35.0 -36.0 -37.0
-29.5874
-31.0303
-31.1636
-31.3688
-31.4445
-32.7980
-33.0968
-33.3957
Figure 3-15: A zoom in the 31P{1H} NMR spectrum (in THF) on the diphosphane region for the
reaction mixture of complex 10 with complex 9-Ni. Second-order coupling in the mixed-ligand
complex (between doublets labeled in red and green) leads to the other half of the expected doublet
to be obscured by the other peaks.
3.6.10 Treatment of Complex 10 with CO
A THF solution (2 mL) of 10 (10 mg, 0.007 mmol, 1.0 equiv) was exposed to an atmosphere of
CO for 30 min during the orange solution turned to pale brown. Volatiles were removed under
vacuum for an extended period of time to allow the removal of any Ni(CO)4 that might have
formed. The almost-colorless residue was taken in C6D6 for NMR analysis, which was consistent
with the formation of desired complex (OC)Ni(µ-5)3Ni(CO). Heating to 80 ◦C for 20 h did not
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Figure 3-16: A 31P{1H} NMR spectrum zoom (THF) in the diphosphane region for the reaction
mixture of complex 10 with complex 11.
lead to appreciable decomposition of this product. 1H NMR (C6D6, 20 ◦C, 400 MHz) δ : 2.4 (m,
12 H, CHH), 2.0 (brd, 12 H, CHH), 1.60 (s, 36 H, CH3) ppm. 31P{1H} NMR (C6D6, 20 ◦C, 121.5
MHz) δ : −20.0 (s) ppm.
3.6.11 Treatment of Complex 10 with tBuNC
To a solution of 10 (77.2 mg, 0.055 mmol, 1.0 equiv) in THF (8 mL), a THF solution (2 mL) of
tBuNC: (9.3 mg, 0.112 mmol, 2.0 equiv) was added dropwise over 3 min. The mixture was stirred
for 5 min, after which volatiles were removed under vacuum, and the residue was redissolved in
C6D6. 1H NMR (C6D6, 20 ◦C, 400 MHz) δ : 2.78 (brd, 12 H, CHH), 2.42 (brd, 12 H, CHH), 1.95
(s, 36 H, CH3), 1.22 (s, 18 H, CH3) ppm. 31P{1H} NMR (C6D6, 20 ◦C, 121.5 MHz) δ : −31.0 (s)
ppm.
3.6.12 Treatment of Complex 10 with 2,6-Me2C6H3NC
To a solution of 10 (49.2 mg, 0.035 mmol, 1.0 equiv) in THF (8 mL), a THF solution (2 mL) of
2,6-Me2C6H3-NC: (9.0 mg, 0.069 mmol, 2.0 equiv) was added dropwise over 3 min. The mixture
was stirred for 5 min, after which volatiles were removed under vacuum, and the residue was
redissolved in C6D6. 1H NMR (C6D6, 20 ◦C, 400 MHz) δ : 6.82, 2.78 (brd, 12 H, CHH), 2.56
(brd, 12 H, CHH), 2.47 (s, 24 H, o-Ar), 1.81 (s, 36 H, CH3) ppm. 31P{1H} NMR (C6D6, 20 ◦C,
121.5 MHz) δ : −28.6 (s) ppm.
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3.6.13 Treatment of Ni(1,5-cod)2, Pd(PPh3)4 and Pt(PPh3)4 with P2Ph4
A suspension of P2Ph4 (55 mg, 0.15 mmol, 2.5 equiv) in C6D6 (0.5 mL) was added to a suspension
of Ni(1,5-cod)2 (17 mg, 0.06 mmol, 1.0 equiv) in C6D6 (0.5 mL) under stirring. The mixture
turned immediately from yellow to orange, red, and then to brown. After 30 min of stirring the
mixture had turned green-brown. At this point, NMR spectroscopy indicated the presence of
unreacted P2Ph4 and free cod, but no other major NMR-active products (Fig. 3-17). After a day,
green crystals had formed and were determined by X-ray diffraction spectroscopy to consist of the
previously-reported complex Ni(HPPh2)4.26
PPM 40 36 32 28 24 20 16 12 8 4 0 -4 -8 -12 -16 -20 -24 -28 -32 -36 -40 -44
Figure 3-17: 31P{1H} NMR spectrum of the reaction mixture between Ni(1,5-cod)2 and P2Ph4
after one hour of stirring.
A suspension of P2Ph4 (55 mg, 0.023 mmol, 1.5 equiv) in C6D6 (0.5 mL) was added to a pale
yellow suspension of Pd(PPh3)4 (17 mg, 0.016 mmol, 1.0 equiv) in C6D6 (0.5 mL) under stirring.
Upon addition, all the solids dissolved as the color of the mixture turned to orange and then to
red. NMR spectra obtained after one hour revealed large amounts of free PPh3 and P2Ph4, some
unreacted Pd(PPh3)4,44,45 but no 31P NMR signals consistent with the formation of bimetallic
species (Fig. 3-18).
A suspension of P2Ph4 (10 mg, 0.027 mmol, 1.5 equiv) in C6D6 (0.5 mL) was added to a pale
yellow suspension of Pt(PPh3)4 (22 mg, 0.018 mmol, 1.0 equiv) in C6D6 (0.5 mL) under stirring.
During the addition, a slight darkening to orange was observed as well as complete dissolution of
the solids. NMR spectra obtained after one hour revealed a large amount P2Ph4, but no signals
consistent with either free PPh3 or metallic complexes (Fig. 3-19). Unreacted Pt(PPh3)4 could
only be observed by 1H NMR spectroscopy, since its 31P NMR signal is very broad at room
temperature.44,46
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PPM 28 24 20 16 12 8 4 0 -4 -8 -12 -16 -20 -24 -28
31.7619
30.4123
23.6123
22.1378
20.5821
20.5480
20.2391
18.5774
13.1424
-5.8838
-17.5379
-25.7443
-27.0943
Figure 3-18: 31P{1H} NMR spectrum of the reaction mixture between Pd(PPh3)4 and P2Ph4 after
one hour of stirring. Some of the extra resonances were assigned as oxidation products from the
presence of OP2Ph4 in the P2Ph4 batch used. Unambiguous assignments could not be made for
the remaining features around +20 ppm.
PPM 40 30 20 10 0 -10 -20 -30 -40 -50
31.7405
30.4000
23.5765
22.1184
18.5695
-17.5424
-25.7528
-27.1020
Figure 3-19: 31P{1H} NMR spectrum of the reaction mixture between Pt(PPh3)4 and P2Ph4 after
one hour of stirring. The extra resonances were be assigned as oxidation products generated from
the presence of OP2Ph4 in the P2Ph4 batch used.
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3.6.14 Thermal Decomposition of Solid 9-Ni
A sample of complex 9-Ni (96 mg, 0.073 mmol) was placed in a sublimator, and brought outside
of the box. The sublimator was heated gradually under static vacuum during which time the cold
finger was loaded with liquid nitrogen to help freeze any volatiles generated during the heating.
The aspect of the bright orange solids started to change at around 180 ◦C, slowly darkening to
brown. Meanwhile, white material and a small amounts of oil started depositing on the sides of
the flask and on the finger. The temperature was gradually increased to 250 ◦C over an interval
of 40 min at which point the solids had turned into a fine black powder. After cooling down, the
solids were washed with diethyl ether, followed by removal of the volatiles under vacuum from the
diethyl ether filtrate. NMR spectroscopy of the generated white residue revealed the presence of
only free PPh3 and diphosphane 5 (in a ca. 1:1), and a small amount of complex 9-Ni (Fig. 3-20).
The presence of diphosphane 5 in smaller amounts than a stoichiometric ratio (1.5 times more than
PPh3) is likely the result of it decomposing at above 220 ◦C.2
PPM 240 200 160 120 80 40 0 -40 -80 -120 -160 -200 -240 -280 -320 -360 -400 -440 -480 -520
-4.3868
-31.1106
-52.1997
-52.2434
-52.3092
-52.3333
-53.1321
-53.7391
Figure 3-20: 31P{1H} NMR spectrum of the Et2O filtrate from the thermal decomposition of
complex 9-Ni.
3.6.15 Generation of the Diruthenium Complex 13
A solution of Ru(η3-2-MeC3H4)2(1,5-cod) (14 mg, 0.044 mmol, 2.0 equiv) in C6D6 (0.5 mL)
was added to a solution of 5 (90 mg, 0.044 mmol, 2.0 equiv) in C6D6 (0.5 mL). After 18 h at
room temperature, most of the diphosphane had been converted into η1-bound products. After
another 18 h at 80 ◦C, only two products were observed by 31P NMR spectroscopy. The singlet at
−28 ppm was assigned to the (η3-2-MeC3H4)2Ru(µ-5)2Ru(η3-2-MeC3H4)2 (13) complex, which
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had formed colorless crystals. A small amount of a singlet at −11 ppm was also observed, but
1H NMR spectroscopy showed that this is a minor product.
3.6.16 Generation of the Dirhodium Dication 12
A solution of 5 (8.0 mg, 0.035 mmol, 2.1 equiv) in CDCl3 was added to a solution of [Rh(1,5-
cod)2][BF4] (6.8 mg, 0.017 mmol, 1.0 equiv). During the addition, color remained the same, as
formation of orange crystals could be observed. The NMR spectra showed a mixture of prod-
ucts, consistent with the presence of reagents in unoptimal ratio. X-ray analysis of the orange
crystals revealed a [(cod)Rh(µ-5)3Rh(cod)]2+ structure. 31P NMR resonances consistent with the
formation of [(cod)Rh(µ-5)3Rh(cod)][BF4]2 (12) as a major product were observed.
3.6.17 Treatment of 5 with AuCl(SMe2)
A solution of 5 (16 mg, 0.070 mmol , 1.0 equiv) in THF (1 mL) was added to an opalescent
solution (3 mL) of AuCl(SMe2) (41 mg, 0.140 mmol, 2.0 equiv). During the addition, the mixture
became clear, and after a few minutes, the volatiles were removed under vacuum. The white
residue was redissolved in C6D6 for NMR analysis. 1H NMR (C6D6, 20 ◦C, 400 MHz) δ : 3.2
(vbr, 4 H, CHH), 2.6 (vbr, 4 H, CHH), 1.55 (s, 12 H, CH3) ppm. 31P{1H} NMR (C6D6, 20 ◦C,
121.5 MHz) δ : +2.7 (brs) ppm.
3.6.18 Treatment of 5 with W(CO)3(NCMe)3
A solution of 5 (25.6 mg, 0.113 mmol , 3.0 equiv) was added under stirring to a yellow suspension
of W(CO)3(NCMe)3 (29.5 mg, 0.075 mmol, 2.0 equiv). After 9 h, the orange solution indicated
the presence of two major singlets at −41.3 and −47.1 ppm, and a smaller singlet at −44.0 ppm.
3.6.19 Treatment of 5 with Mo(CO)3(η6-cycloheptatriene)
A THF solution of 5 (13.7 mg, 0.060 mmol, 2.5 equiv) was added to a bright red solution of
Mo(CO)3(η6-cycloheptatriene) (13.2 mg, 0.049 mmol, 2.0 equiv). The mixture darkened slightly
during the addition and was allowed to sit homogeneously for 1 h at room temperature, at which
point complete consumption of diphosphane was observed. Thin-film IR of the solution indicated
only two distinct CO stretches.
3.6.20 Crystallographic Details
Diffraction quality, orange crystals of 8, 9-Ni, and 10 were grown directly from crude reaction
mixtures in benzene by allowing the homogenous mixtures to sit undisturbed at room temperature.
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Yellow crystals of 9-Pd were grown from a toluene solution, to which pentane and tetrahydrofuran
(THF) were added prior to storing it at−35 ◦C. Orange crystals of 9-Pt were grown from a mixture
of toluene and THF that was stored at −35 ◦C. The crystals were mounted in hydrocarbon oil on
a nylon loop or a glass fiber. Low-temperature (100 K) data were collected on a Siemens Platform
three-circle diffractometer coupled to a Bruker-AXS Smart Apex CCD detector with graphite-
monochromated Mo Kα radiation (λ = 0.71073 A˚) for 10, on a Bruker-AXS X8 Kappa Duo
diffractometer coupled to a Smart Apex2 CCD detector with Mo Kα radiation (λ = 0.71073 A˚) for
9-Pt, and on a Bruker D8 three-circle diffractometer coupled to a Bruker-AXS Smart Apex CCD
detector with graphite-monochromated Cu Kα radiation (λ = 1.54178 A˚) for the other complexes
(φ - and ω-scans). A semi-empirical absorption correction was applied to the diffraction data using
SADABS.47 The structures were solved by direct methods using SHELXS48,49 and refined against
F2 on all data by full-matrix least squares with SHELXL-97,49,50 using established refinement
techniques.51 All non-hydrogen atoms were refined anisotropically. All hydrogen atoms were
included in the model at geometrically calculated positions and refined using a riding model. The
isotropic displacement parameters of all hydrogen atoms were fixed to 1.2 times the Ueq value
of the atoms they are linked to (1.5 times for methyl groups). Descriptions of the individual
refinements follow below and details of the data quality and a summary of the residual values of
the refinements for all structures are given in the following tables. Further details are provided in
the form of .cif files available from the CCDC.29 A list of select interatomic distances and angles
is provided at the end of the chapter.
The compound 8 crystallized in the triclinic space group P1¯ with half a molecule of com-
plex and one molecule of pentane per asymmetric unit. The presence of the inversion center in
the middle of the Ni–Ni line leads to the three diphosphane 5 bridges to be disordered over two
symmetry-imposed positions each, while the two {NiPPh3} fragments were not disordered. The
model contains no restraints on either the target molecule and the solvent.
The compounds 9-Ni and 10 crystallized in the hexagonal space group R3¯ with a third of a
molecule of complex and two molecules of benzene per asymmetric unit. The model contains no
restraints on either the target molecules or the solvents.
The compound 9-Pd crystallized in the triclinic space group P1¯ with a whole molecule of
complex, one molecule of toluene and one molecule of THF per asymmetric unit. The THF
molecule is disordered over two positions. Similarity restraints on 1–2 and 1–3 distances and
displacement parameters as well as rigid bond restraints for anisotropic displacement parameters
were applied to all atoms in the THF molecules. In addition, similarity restraints were applied to
geometrically relate the two THF molecules to one another. The ratio between the two components
was refined freely, and the sum of the two occupancies was constrained to unity.52 The model
contains no restraints on either the target molecules or the toluene molecule.
The compound 9-Pt crystallized in the monoclinic space group Cc with one molecule of com-
plex, one toluene, and two THF molecules per asymmetric unit. One phenyl ring of one of the
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Table 3.3: Diphosphane 5 lone-pair angle
θ θ ′
8 45.38 45.48
9-Ni 46.86 46.93
9-Pd 45.42 45.56
9-Pt 47.62 47.64
10 44.12 44.17
Av. 45.88 45.96
PPh3 ligands and one of the THF molecules are disordered over two positions. Similarity re-
straints on 1–2 and 1–3 distances and displacement parameters as well as rigid bond restraints for
anisotropic displacement parameters were applied to the three solvent molecules and the disor-
dered phenyl ring. In addition, similarity restraints were applied to geometrically relate the three
THF molecules to one another. The ratio between the two components of each disorder was refined
freely, and the sum of the two occupancies for each pair was constrained to unity.52
The estimated angles between the diphosphane lone pairs listed in Table 3.1 can be estimated
precisely using the formula:
θ ′ = 180◦−2× (180◦−α) = 2×α−180◦, where:
α = arccos(
cos(6 P−P−M)
cos(
6 M−P−P−M
2 )
).
This α = 6 P−P−M when the dihedral angle M–P–P–M is zero and MPPM becomes a planar trape-
zoid, in which case θ ′ = θ from Table 3.1. The values for θ and θ ′ are listed below in Table
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Table 3.6: Select interatomic distances [A˚] and angles [◦] in complex 8.
Ni1–Ni1a 3.9085(5)
P1–P2 2.2239(8)
P3–P4 2.2280(14)
P5–P6 2.2262(14)
P7–P8 2.2241(14)
Ni1–P1 2.1425(6)
Ni1–P3 2.1857(11)
Ni1–P5 2.1811(11)
Ni1–P7 2.0610(11)
Ni1–P4a 2.2412(10)
Ni1–P6a 2.2436(11)
Ni1–P8a 2.1142(11)
Ni1–P1–P2 114.54(3)
Ni1–P3–P4 109.21(5)
Ni1–P5–P6 112.71(5)
Ni1–P7–P8 111.75(5)
P3–P4–Ni1a 115.16(5)
P5–P6–Ni1a 111.82(5)
P7–P8–Ni1a 115.46(5)
P1–Ni1–P3 115.87(3)
P1–Ni1–P5 108.82(3)
P7–Ni1–P1 109.20(3)
P1a–Ni1a–P4 108.86(3)
P1a–Ni1a–P6 115.45(3)
P1a–Ni1a–P8 118.82(3)
P7–Ni1–P5 109.05(4)
P7–Ni1–P3 109.83(4)
P5–Ni1–P3 103.81(4)
P8–Ni1a–P4 105.71(4)
P8–Ni1a–P6 104.98(4)
P4–Ni1a–P6 101.23(4)
P3–Ni1–P4a 135.09(4)
P5–Ni1–P6a 135.10(4)
P7–Ni1–P8a 131.97(4)
P8a–Ni1–P5 56.69(4)
P8a–Ni1–P3 48.33(4)
P7–Ni1–P4a 56.07(4)
P5–Ni1–P4a 55.84(4)
P7–Ni1–P6a 49.44(4)
P3–Ni1–P6a 63.35(4)
P1–Ni1–Ni1a 180
Ni1–Ni1a–P1a 180
P1–Ni1–Ni1a–P1a 180
Ni1–P3–P4–Ni1a 7.09(8)
Ni1–P5–P6–Ni1a 5.89(8)
Ni1–P7–P8–Ni1a 9.06(9)
Table 3.7: Select interatomic distances [A˚] and angles [◦] in complex 9-Ni.
Ni1–Ni2 3.9607(6)
P1–P2 2.2274(6)
Ni1–P1 2.1664(4)
Ni1–P1a 2.1664(4)
Ni1–P1b 2.1664(4)
Ni2–P2 2.1790(4)
Ni2–P2a 2.1790(4)
Ni2–P2b 2.1790(4)
Ni1–P3 2.1419(8)
Ni2–P4 2.1637(8)
P3–Ni1–P1 113.001(15)
P3–Ni1–P1a 113.003(15)
P3–Ni1–P1b 113.003(15)
P4–Ni2–P2 114.108(15)
P4–Ni2–P2a 114.109(15)
P4–Ni2–P2b 114.109(15)
Ni1–P1–P2 112.74(2)
Ni2–P2–P1 114.11(2)
P1–Ni1–P1a 105.721(16)
P1–Ni1–P1b 105.722(16)
P1a–Ni1–P1b 105.720(16)
P2–Ni2–P2a 104.463(17)
P2–Ni2–P2b 104.461(17)
P2a–Ni2–P2b 104.461(17)
P3–Ni1–Ni2 180
Ni1–Ni2–P4 180
P3–Ni1–Ni2–P4 0.00(0)
Ni1–P1–P2–Ni2 6.13(4)
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Table 3.8: Select interatomic distances [A˚] and angles [◦] in complex 10.
Ni1–Ni2 3.8532(4)
P1–P2 2.2258(4)
Ni1–As1 2.2769(3)
Ni2–As2 2.2492(3)
Ni1–P1b 2.1682(3)
Ni1–P1a 2.1682(3)
Ni1–P1 2.1681(3)
Ni2–P2 2.1519(3)
Ni2–P2b 2.1519(3)
Ni2–P2a 2.1519(3)
P1b–Ni1–P1a 105.995(12)
P1b–Ni1–P1 105.996(12)
P1a–Ni1–P1 105.996(12)
P2–Ni2–P2b 107.287(11)
P2–Ni2–P2a 107.286(11)
P2b–Ni2–P2a 107.288(11)
Ni1–P1–P2 112.694(17)
Ni2–P2–P1 111.432(17)
P1b–Ni1–As1 112.757(10)
P1a–Ni1–As1 112.757(11)
P1–Ni1–As1 112.755(11)
P2–Ni2–As2 111.578(10)
P2b–Ni2–As2 111.575(10)
P2a–Ni2–As2 111.575(10)
As1–Ni1–Ni2 180.0(0)
Ni1–Ni2–As2 180.0(0)
As1–Ni1–Ni2–As2 0.00(±6.60)
Ni1–P1–P2–Ni2 5.38(3)
Table 3.9: Select interatomic distances [A˚] and angles [◦] in complex 9-Pd.
Pd1–Pd2 4.0577(6)
Pd1–P1 2.3505(16)
Pd1–P3 2.3562(15)
Pd1–P5 2.3638(15)
Pd2–P2 2.3555(15)
Pd2–P4 2.3473(15)
Pd2–P6 2.3350(16)
Pd1–P7 2.2941(15)
Pd2–P8 2.2930(16)
P1–P2 2.222(2)
P3–P4 2.228(2)
P5–P6 2.223(2)
P7–Pd1–P1 111.35(6)
P7–Pd1–P3 117.85(5)
P7–Pd1–P5 109.41(6)
P8–Pd2–P2 110.40(6)
P8–Pd2–P4 112.40(6)
P8–Pd2–P6 117.04(6)
P1–Pd1–P3 102.41(6)
P1–Pd1–P5 106.63(5)
P3–Pd1–P5 108.49(5)
P6–Pd2–P4 105.03(6)
P6–Pd2–P2 106.60(5)
P4–Pd2–P2 104.43(5)
P2–P1–Pd1 110.15(7)
P1–P2–Pd2 115.13(8)
P4–P3–Pd1 111.88(7)
P3–P4–Pd2 113.88(7)
P6–P5–Pd1 113.99(8)
P5–P6–Pd2 111.24(7)
Pd1–P1–P2–Pd2 11.8(1)
Pd1–P3–P4–Pd2 2.3(1)
Pd1–P5–P6–Pd2 12.6(1)
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Table 3.10: Select interatomic distances [A˚] and angles [◦] in complex 9-Pt.
Pt1–Pt2 4.0846(3)
Pt1–P1 2.2969(10)
Pt1–P2 2.3061(10)
Pt1–P3 2.3067(11)
Pt2–P4 2.3016(11)
Pt2–P6 2.3023(10)
Pt2–P5 2.3074(10)
P1–P4 2.2219(15)
P2–P5 2.2222(15)
P3–P6 2.2204(15)
Pt1–P7 2.2656(11)
Pt2–P8 2.2531(11)
P7–Pt1–P1 117.07(4)
P7–Pt1–P2 114.29(4)
P7–Pt1–P3 110.58(4)
P8–Pt2–P4 114.00(4)
P8–Pt2–P6 113.81(4)
P8–Pt2–P5 113.41(4)
P1–Pt1–P2 104.34(4)
P1–Pt1–P3 104.94(4)
P2–Pt1–P3 104.46(4)
P4–Pt2–P6 106.30(4)
P4–Pt2–P5 104.19(4)
P6–Pt2–P5 104.14(4)
P4–P1–Pt1 113.58(5)
P1–P4–Pt2 114.10(5)
P5–P2–Pt1 114.69(5)
P2–P5–Pt2 112.86(5)
P6–P3–Pt1 113.96(5)
P3–P6–Pt2 113.74(5)
P7–Pt1–Pt2 176.11(3)
Pt1–Pt2–P8 179.87(3)
Pt1–P1–P4–Pt2 5.09(8)
Pt1–P2–P5–Pt2 3.94(8)
Pt1–P3–P6–Pt2 1.48(8)
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Abstract
The bicyclic P2(C6H10)2 framework containing a P–P bond has allowed for an unprecedented se-
lectivity towards functionalization of a single phosphorus lone pair, in contrast to acyclic diphos-
phane molecules. Functionalization at the second phosphorus atom was found to proceed at a
significantly slower rate, thus opening the pathway for obtaining mixed functional groups for a
pair of P–P bonded λ 5-phosphorus atoms. Reactivity with the chalcogen-atom donors MesCNO
and SSbPh3 has allowed for the selective synthesis of the diphosphane chalcogenides EP2(C6H10)2
and E2P2(C6H10)2 (E = O, S). Computational studies indicate that the OAT reactions involve penta-
coordinated phosphorus intermediates that have four-membered {PONC} cycles. Additional re-
activity with breaking of the P–P bond and formation of diphosphinate O3P2(C6H10)2 was only
observed to occur under harsh conditions. Reactivity of diphosphane P2(C6H10)2 with azides en-
abled the formation of monoiminophosphoranes (RN)P2(C6H10)2 (R = Mes, CPh3, SiMe3, SiPh3),
and treatment with additional MesN3 yielded symmetric and unsymmetric diiminodiphosphoranes
(RN)(MesN)P2(C6H10)2 (R = Mes, CPh3, SiPh3). Metalation reactions with the bulky diimin-
odiphosphorane ligand (MesN)2P2(C6H10)2 (nppn) allowed for the isolation and characterization
of several metal complexes, including (nppn)Mo(η3-C3H5)Cl(CO)2, (nppn)NiCl2 (crystals shown
below), and [(nppn)Ni(η3-2-C3H4Me)][OTf], thus showing that these ligands provide an attractive
pre-organized binding pocket for both late and early transition metals. The diiminodiphosphorane
framework nppn was also used to investigate the binding of main-group elements such as germa-
nium(II), tin(II), lead(II), and phosphorus(III). Diphosphane frameworks with P–P bonds rarely
exhibit comparable stability under such range of reaction conditions, thus making functionalized
derivatives of bicyclic diphosphane 5 appealing for a wide range of potential chemical applica-
tions.
Reproduced in part from: Tofan, D.; Temprado, M.; Majumdar, S.; Hoff, C. D.; Cummins, C. C. accepted for
publication in Inorg. Chem., 2013; ToC graphic shown below; ©2013 American Chemical Society.
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4.1 Background: Functionalized Diphosphanes in Metal Complexa-
tion
4.1.1 Diphosphoranes as Ligands in Metal Complexes
The initial synthesis of multi-cyclic tetraorganodiphosphane molecules by effective sequential
Diels–Alder addition of two 1,3-diene molecules to P2 1 was followed by the report of a syn-
thetically useful, one-step synthesis of bicyclic diphosphanes from the co-photolysis of P4 (white
phosphorus) and 1,3-dienes.2 After establishing the advantages offered by the 3,4,8,9-tetramethyl-
1,6-diphosphabicyclo[4.4.0]deca-3,8-diene platform (P2(C6H10)2, 5, Fig. 2-3) for metal complex-
ation,3 I became interested in investigating further the opportunities offered by the rigid conforma-
tion between the two phosphorus lone pairs towards functionalization reactions. These investiga-
tions are summarized in this chapter, as well as the examinations into the chemical transformations
provided by the functionalized diphosphorane (bis-λ 5-phosphane) derivatives of 5.
Although the literature of metal complexes with phosphorane ligands is extensive,4 research
on complexes of diphosphoranes containing P–P bonds (R2P(E)–P(E)R2) has been limited almost
exclusively to diphosphane disulfides (E = S, Chart 3). In addition, while phosphine sulfides have
been reported as ligands for precursors in homogeneous catalysis,5,6 no such reports exist for us-
ing diphosphorane ligands with an intact P–P bond. These observations are quite surprising since
such ligands would chelate and presumably form very stable five-membered {ME2P2} metallacy-
cles, which ought to exhibit enhanced stability towards decomposition compared to monodentate
phosphorane ligands.
The majority of the reported diphosphane disulfide complexes involve mono- and divalent
late transition metals,7 and a few involve metals from group 6 and 7.8 Spectroscopic evidence
has also been presented for a diphosphane dioxide chelating to iron(II) and zinc(II) centers (E =
O, R = Ph),9 for a dioxide bridging two molybdenum(VI) centers (E = O, R = n-C3H7),10 and
a diselenide chelating to a nickel(II) center (E = Se, R = Ph).11 Several binding modes can be
envisioned in these complexes (Chart 3), yet unambiguous molecular structures have been deter-
mined only for a few selected examples. The first structure of a binuclear complex with chelating
diphosphane disulfide ligands (Chart 3, center) was reported by Cotton et al. for copper(I) (R =
Me).12 The structures of mononuclear complexes (Chart 3, left) have only been reported in four
cases: copper(I) (R = Me), silver(I) (R = Me), rhodium(I) (R = Et), and palladium(II) (R2 =
P P
E
R R RR
M
E
P P
E
R R RR
M
E
M
P
PE
R R
RR
M E
M
Chart 3: Metal-binding modes available to diphosphorane ligands with P–P bonds.
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Chart 4: Diphosphane dichalcogenides with a locked cis configuration.
(NEt2)(cyclohexyl)).13
4.1.2 Limitations of Existing Diphosphoranes for Chelating Metal Centers
A candidate explanation for the scarcity of examples wherein diphosphoranes have been used for
metal chelation is that they are typically acyclic and thus allow for free rotation about the P–P
bond. In turn, this rotation may lead to rearrangement and formation of bridges between two
metal centers instead of robust metallacycles (Chart 3, right). For example, it was shown that in
the presence of copper(II), Me2P(S)–P(S)Me2 yields a bimetallic complex with chelating ligands
in a gauche conformation (Chart 3, center),12 as well as a polymer with disulfide ligands bridging
between metal centers in an anti configuration (Chart 3, right).14 Cyclic diphosphoranes are much
less common, but employing such frameworks would prevent rotation about the P–P bond and
lock the two sulfur atoms in an eclipsed conformation. However, functionalization of monocyclic
diphosphanes has only allowed for the formation of trans-disulfides,15 which are not suitable for
metal chelation. Cis-diphosphane disulfides (Chart 4) have only been achieved by functionalizing
bicyclic diphosphanes.16 Still, cis bicycles are required for this conversion, and there is only a
limited number of reports of diphosphanes with such a locked cis configuration.17
Additional groups near the chelation pocket may prevent some of the degradation pathways
that are accessible to diphosphane dichalcogenide complexes, such as aggregation into multi-
metallic complexes (Chart 3, center). In addition, they could allow for increased solubility in
non-polar solvents, and thus potentially expand on the applications demonstrated for less soluble
diphosphane dichalcogenides. Iminophosphoranes are a good model for this behavior because the
imine group can provide steric bulk in the immediate vicinity of the metal center. In contrast to α-
diimines, which have been widely used as ligands for homogenous catalysis,18,19 diiminodiphos-
phorane analogues containing a P–P bond have not been readily accessible, and only a few have
been reported.20,21 Several cyclic diiminodiphosphoranes have been prepared from iminophos-
phanes of the type RP=NMes∗ (R = Me, tBu, Ph; Mes∗ = 2,4,6-tBu3C6H2) via P–P coupling re-
actions,20 but they exhibit trans imino substituents and are not suitable for metal chelation. There
is a single example of direct diiminodiphosphorane synthesis from acyclic diphosphanes (R2P–
PR2, R = Me, Et, n-Pr, n-Bu) via treatment with an inorganic azide (Me3SiN3).21 Nonetheless,
the reactivity of these diiminodiphosphoranes has only been investigated in relation to P–N bond
cleavage.22
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Scheme 4.1: Oxidation of the bicyclic diphosphane 5 with one and two equivalents of MesCNO.
The use of a bicyclic framework such as the diphosphane 5 was thought to allow for the syn-
thesis of diphosphoranes with substituents locked in a cis configuration. This chapter summarizes
the synthesis of diphosphane dichalcogenides and diiminodiphosphoranes with a conserved bi-
cyclic framework and with substituents that are confined to an eclipsed conformation. At the
end, examples are presented which demonstrate that the cis-diimine derivatives offer an attractive,
pre-organized binding pocket that accommodates transition-metal centers as well as main-group
elements.
4.2 Oxygen-Atom Transfer (OAT) Reactions
4.2.1 Selective, Single OAT with MesCNO
Although methods for preparing diphosphane monoxides are available, there are very few exam-
ples that illustrate their synthesis directly from the parent diphosphane. For example, the oxida-
tion of commercially accessible P2Ph4 to Ph2P–P(O)Ph2 has not been achieved selectively.23,24
Only for cyclic diphosphanes with bulky substituents has the oxidation been achieved selec-
tively with H2O2 or (Me3Si)2O2.25 Mono-oxidation of a 1,1’-bisphosphole was also achieved
with (Me3Si)2O2 over a period of 7 days.26 We uncovered a new method for achieving a sin-
gle oxidation of a diphosphane selectively by employing the oxygen-atom transfer (OAT) reagent
mesitylnitrile-N-oxide (MesCNO; Mes = 2,4,6-C6H2Me3).28
In the presence of MesCNO, the diphosphane 5 acts as an oxygen-atom acceptor at the phos-
phorus lone pairs. Dropwise treatment of 5 with one equivalent of MesCNO at room temperature
led to the selective formation of the diphosphane monoxide OP2(C6H10)2 (5-O) within minutes
(Scheme 4.1). The product precipitated out of diethyl ether solutions as a white powder and was
isolated in 87% yield. In the solid state, monoxide 5-O (Fig. 4-1) exhibits a slight diminution of
the P–P distance to 2.2034(5) A˚ as compared to the 2.2218(5) A˚ distance found in diphosphane
5,2 consistent with an increased positive charge on the phosphorus(IV) atom. Natural Bond Or-
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Figure 4-1: Solid-state structures of the diphosphane oxides with ellipsoids at the 50% probability
level and hydrogen atoms omitted for clarity. Selected interatomic distances [A˚] and angles [◦]
for monoxide 5-O (left): P1–P2 2.2034(5), P1–O1 1.4959(10), O1–P1–P2 114.65(5); for dioxide
5-(O)2 (center): P1–P2 2.2185(7), P1–O1 1.4934(16), P2–O2 1.4935(15), O1–P1–P2 113.88(6),
O2–P2–P1 113.72(7), O1–P1–P2–O2 0.0(0); for trioxide 5-(O)3 (right): P1–P2 2.9257(13), P1–
O1 1.513(3), P2–O2 1.4792(18), P1–O3 1.5972(16), P2–O3 1.609(2), O1–P1–O3 109.10(17),
O2–P2–O3 109.67(9), P1–O3–P2 131.73(10), O1–P1–P2–O2 1.0(3).
bital (NBO) analysis27 on 5-O did indeed reveal a partial charge of +1.52 on the phosphorus(IV)
atom, while the charge on the phosphorus(II) atom (+0.43) remains relatively unchanged from
that in diphosphane 5 (Table 4.3). The pure product appears to be indefinitely stable in solution
at room temperature and it does not decompose even upon prolonged heating (120 ◦C, toluene).
Isomerization to a diphosphinite via O-atom insertion into the P–P bond was predicted through
density functional theory (DFT) methods to be unfavorable by 6.7 kcal/mol. The four methyl en-
vironments are distinct in the solid state, but in solution the signals of the two positions on the
phosphorus(II) side appear to coalesce. The fact that the other two methyl groups are distinct is
surprising considering that the diphosphane 5 does not show splitting of the methyl environments
in solution even at −90 ◦C.
The enthalpy of the OAT reaction of MesCNO with diphosphane 5 was measured experimen-
tally at−82.4±2.0 kcal/mol by Carl D. Hoff by reaction calorimetry (eq. 4.1), which corresponds
to a P–O bond dissociation enthalpy (BDE) in 5-O of 134.7± 2.1 kcal/mol (BDE of N–O in
MesCNO is 52.3±0.7 kcal/mol28). The P–O BDE is between those for trialkyl and triaryl phos-
phine oxides, as comparable measurements for phosphines such as OPMe3, OPCy3 and OPPh3
yielded 138.5, 137.6 and 132.2 kcal/mol, respectively.28
5 + MesCNO
∆H=−82.4±2.0 kcal/mol−−−−−−−−−−−−−−→ 5-O + MesCN (4.1)
DFT computations performed by Manuel Temprado were employed to corroborate the exper-
imental BDE value, and to understand the mechanism of the oxidation reaction. The reaction
enthalpy was computed to be −78.7 kcal/mol, corresponding to a P–O BDE of 131.0 kcal/mol,
in good agreement with the experimental value (eq. 4.1). The simplified model framework 1,6-
diphospha-bicyclo-[4.4.0]deca-3,8-diene (5′, P2(C4H6)2, with H replacing the Me groups in 5)
and 2,6-Me2C6H3CNO were used for investigating the mechanism of the OAT. A productive path-
way was found to involve a two-step process with an intermediate containing a four-membered
{PONC} ring similar to those observed for the oxidation of PR3 phosphines (Fig. 4-2).28 This
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Figure 4-2: Relative enthalpies for the OAT reactions from 2,6-Me2C6H3CNO to 5′ (bottom,
blue) and to 5′-O (top, red), respectively as computed by Manuel Temprado. R corresponds to
a molecule of 2,6-Me2C6H3CNO and either 5′ or 5′-O, while P corresponds to a molecule of
2,6-Me2C6H3CN and either 5′-O or 5′-(O)2 set at infinite distances.
mechanism is similar to that of the Staudinger reaction between phosphines and organic azides,29
and it involves little change in the P–P distance and an activation barrier ∆H‡ of 10.0 kcal/mol.
4.2.2 A Second OAT with MesCNO
If the monoxide 5-O is allowed to form in a solvent in which it is soluble, it undergoes further ox-
idation with MesCNO to form the symmetric dioxide O2P2(C6H10)2 (5-(O)2, Scheme 4.1). This
second OAT is much slower and required stirring a toluene solution of diphosphane 5 and two
equivalents of MesCNO for 24 hours at room temperature to generate the dioxide 5-(O)2 for a
94% isolated yield. In solution, the dioxide was stable even after twelve hours in refluxing ben-
zene and exhibited a C2v molecular symmetry (1H NMR). In the solid state, the dioxide 5-(O)2 is
rigorously Cs-symmetric along the {OPPO} plane (Fig. 4-1) and adopts an exo-exo configuration
which in contrast to the exo-endo conformations adopted by the monoxide 5-O and unfunctional-
ized bicyclic diphosphanes.2 The P–P interatomic distance of 2.2185(7) A˚ falls between that of
the diphosphane 5 and monoxide 5-O, consistent with a lack of lone pair repulsion existing in 5
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and presence of partial positive charges on both phosphorus atoms (Table 4.3).
The enthalpy of this second OAT from MesCNO to the diphosphane monoxide 5-O could not
be measured experimentally but was computed to be −72.5 kcal/mol (eq. 4.2). This corresponds
to a P–O BDE of 124.8 kcal/mol, which is 6.2 kcal/mol lower than the computed P–O BDE in 5-O.
The mechanism of the formation of dioxide 5-(O)2 is similar to that observed for 5-O, as it involves
a four-membered ring intermediate and an activation barrier ∆H‡ of 11.5 kcal/mol (Fig. 4-2).
5-O + MesCNO
∆H=−72.5 kcal/mol−−−−−−−−−−−→ 5-(O)2 + MesCN (4.2)
A subtle, yet important difference was observed between the activation enthalpies of the first
OAT step of 5′ with 2,6-Me2C6H3CNO and that of the second step. Using the Arrhenius equation,
and assuming the same frequency factor (A) for both transformations, the slightly increase in acti-
vation enthalpy from 10.0 kcal/mol to 11.5 kcal/mol corresponds to a 12-fold decrease in reaction
rate at room temperature from the first to the second OAT. When using PhCNO (removing the or-
tho methyl groups), the activation enthalpies change to 10.2 and 10.8 kcal/mol, respectively. This
implies that steric repulsions of ortho-methyl groups with the already installed chalcogen atom are
responsible for the selectivity towards the singly-functionalized 5-O. Previously reported selective
mono-oxidations of diphosphanes25,26 are likely to involve some type of steric repulsions, but here
however, these are a result of the bicyclic nature of the diphosphane framework 5 that prevents the
oxo group from rotating away from the ortho groups of MesCNO.
4.2.3 Further Oxidation
No additional reactivity of dioxide 5-(O)2 with excess MesCNO could be observed, as oxidation
to the P–P bond-cleaved diphosphinate O3P2(C6H10)2 (5-(O)3) was only achieved with Me2SO
solutions of 5-(O)2 at high temperatures. The monoxide 5-O required boiling for 5 minutes, while
the dioxide 5-(O)2 required 30 minutes. The sluggishness of the oxidation from phosphorus(IV) to
phosphorus(V) may be a result of the formation of two 7-membered rings in the bicyclo[4,4,1]di-
phosphinate 5-(O)3 from the 6-membered rings in the bicyclo[4,4,0]diphosphane dioxide 5-(O)2.
Exposing solutions of diphosphane 5 at room temperature to air however, led to the formation of
a mixture containing all the three oxides.
Crystals of the trioxide 5-(O)3 in an exo-endo configuration (Fig. 4-1) were obtained by aging a
solution of 5 in air. Notably, a minor disorder component consisting of the exo-endo conformer of
dioxide 5-(O)2 was observed in this crystal (Fig. 4-11), providing experimental evidence for a very
low energy difference between the exo-exo and exo-endo conformers of diphosphane 5 derivatives
(as discussed in Chapter 2). DFT computations predicted small activation barriers of only 5.2 and
6.0 kcal/mol for the monoxide 5′-O and dioxide 5′-(O)2, respectively (Fig. 2-8)). These values
are similar to the diphosphane 5′, and are consistent with fast exchange between conformers in
solution (eq. 2.1), which results in fast equilibration of the 1H NMR environments on the bicyclic
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Figure 4-3: Relative enthalpies (BSSE corrected, in kcal/mol, in black), entropies (in cal/mol K,
in red), and Gibbs energies (in kcal/mol, in blue) computed by Manuel Temprado for the OAT
reaction from PhCNO to 5′ (top) and 5′-O (bottom), calculated at the M05-2X/6-311G(3df,2p)
level (T = 298 K).
128
CHAPTER 4.
P P P P
S S
Scheme 4.2: Synthesis of the disulfide 5-(S)2.
Figure 4-4: Solid-state structure of the diphosphane disulfide 5-(S)2 with ellipsoids at the 50%
probability level and hydrogen atoms omitted for clarity. Selected interatomic distances [A˚] and
angles [◦]: P1–P2 2.2192(4), P1–S1 1.9489(4), P2–S2 1.9495(4), S1–P1–P2 114.170(15), S2–P2–
P1 114.823(16), S1–P1–P2–S2 1.96(2).
backbone of derivatives of diphosphane 5 and an apparent σ -symmetry plane in 5-(O)2 containing
the P–P bond. Therefore, the exo-exo configuration observed for the dioxide 5-(O)2 in the solid
state may be solely a result of favorable of crystal packing interactions.
4.3 Sulfur-Atom Transfer (SAT) Reactions
Using appropriate chalcogen transfer reagents, heavier analogues of the oxides were also obtained.
Treatment of diphosphane 5 with one equivalent of SSbPh3 in benzene led to the formation of the
monosulfide SP2(C6H10)2 (5-S) as a precipitate, which could be isolated pure in 56% yield. The
enthalpy of the reaction was also measured via calorimetry at −25.7± 1.0 kcal/mol (eq. 4.3),
which corresponds to a P–S BDE of 93± 3 kcal/mol (BDE of S–Sb in SSbPh3 is 67± 3 kcal/-
mol30). The P–S BDE is slightly larger than that measured for SPPh3 (88 kcal/mol), but slightly
smaller than that for SPMe3 (94 kcal/mol).30 DFT computations predicted the P–S BDE to be
90 kcal/mol, corroborating well the measured experimental value.
5 + SSbPh3
∆H=−25.7±1.0 kcal/mol−−−−−−−−−−−−−−→ 5-S + SbPh3 (4.3)
Addition of a second equivalent of SSbPh3 to solutions of 5 led to rapid generation of the
disulfide S2P2(C6H10)2 (5-(S)2, Scheme 4.2). Likely due to the less sterically demanding nature
of SSbPh3 as compared with MesCNO, the second SAT step occurs at a comparable rate with the
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formation of 5-S, thus allowing for calorimetric measurements (eq. 4.4). The reaction enthalpy is
only slightly higher compared to the first sulfurization, implying a second BDE of 94±3 kcal/mol.
The disulfide 5-(S)2 was isolated in 87% yield following treatment of 5 with two equivalents
of SSbPh3 for 2 hours. An analytically pure white powder was obtained by washing away the
SbPh3 byproduct with diethyl ether, but the disulfide 5-(S)2 could also be recrystallized from
hot tetrahydrofuran (THF). Unlike the dioxide 5-(O)2, the disulfide 5-(S)2 adopts an endo-exo
configuration in the solid state (Fig. 4-4) with a small S–P–P–S angle of about 2◦, though the
P–P interatomic distance of 2.2192(4) A˚ is essentially unchanged from that of the dioxide. The
monosulfide and disulfide exhibit similar NMR spectroscopic features to those observed for the
monoxide and the dioxide, respectively (Table 4.1). In comparison, treatment of the diphosphane
5 with SeSbPh3 in benzene indicated via 31P NMR spectroscopy a transformation similar to that
which was observed with SSbPh3 consistent with the sequential formation of the monoselenide,
diselenide, and triselenide Se1–3P2(C6H10)2 (5-(Se)1–3) (Table 4.1).
5-S + SSbPh3
∆H=−27.0±1.1 kcal/mol−−−−−−−−−−−−−−→ 5-(S)2 + SbPh3 (4.4)
Table 4.1: Spectroscopic and structural parameters of phosphorane derivatives of 5.
Compound δλ 5Pa δλ 3/5Pa 1JP−Pb P–Pc E–P–P–Ed
5-O +75.9 −87.4 217 2.2034(5) —–
5-S +62.0 −62.0 280 —– —–
5-Se +37.5 −56.5 310 —– —–
5-NMes +30.7 −97.9 274 —– —–
5-NCPh3 +36.9 −98.9 296 —– —–
5-NSiMe3 +34.2 −86.9 239 —– —–
5-NSiPh3 +41.1 −84.3 239 —– —–
5-(O)2 +11.5 —– —– 2.2185(7) 0
5-(S)2 +20.4 —– —– 2.2192(4) 1.96(2)
5-(Se)2 −5.0 —– —– —– —–
5-(NMes)2 −35.7 —– —– 2.2398(5) 5.57(10)
5-(NCPh3)(NMes) −30.9 −33.0 93 2.2805(7) 10.95(11)
5-(NSiPh3)(NMes) −25.1 −33.0 130 —– —–
5-(O)(NMes) +7.6 −29.5 106 —– —–
a δ31P [ppm] in C6D6 (for 5: 2 −53.6 ppm); b experimental 1JP−P [Hz] (for η1-5: 3 344 Hz); c interatomic
distances [A˚] (for 5: 2 2.2218(5) A˚); d dihedral angles [◦].
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Scheme 4.3: Synthesis of mono- and diiminodiphosphoranes 5-NR and 5-(NR)(NMes).
4.4 Nitrene-Group Transfer (NGT) Reactions
4.4.1 Use of MesN3 as a Nitrene Source
Similar to other dichalcogenides that contain a P–P bond, the dichalcogenides 5-E2 provide well-
poised chelating pockets for accommodating various metal centers. However, due to their bicyclic
nature, they exhibit a rigid structure with small E–P–P–E dihedral angles. Despite this attractive
feature, the low solubility of these molecules in low-dielectric organic media has been an impedi-
ment in studying them as partners in metalation reactions. In searching for more soluble variants,
we decided to target the iminophosphorane derivatives. The Staudinger reaction of phosphines
with organic azides has been shown to have a similar mechanism29 to the one proposed between
phosphines and MesCNO.28 As a result, it was deemed logical to similarly investigate the reac-
tions of diphosphane 5 with RN3 azide molecules.
Treatment with MesN3 led to a vigorous evolution of dinitrogen coupled with the formation
of the monoiminophosphorane (MesN)P2(C6H10)2 (5-NMes). At room temperature, the diphos-
phane 5 reacted to completion with one equivalent of MesN3 within 30 minutes (Scheme 4.3).
Further conversion was observed when additional MesN3 was present but, as with MesCNO, this
second step was significantly slower than the initial formation of 5-NMes. Upon heating to 80 ◦C,
the consumption of monoiminophosphorane 5-NMes became fast and was coupled with vigorous
evolution of dinitrogen. Refluxing the diphosphane 5 in benzene in the presence of two equivalents
of MesN3 led to the clean formation of diiminodiphosphorane (MesN)2P2(C6H10)2 (5-(NMes)2,
nppn) after 12 hours. Upon cooling, crystals of analytically pure diiminodiphosphorane formed,
giving a 91% isolated yield.
The iminophosphoranes 5-NMes and 5-(NMes)2 present similar features as observed for the
chalcogenides 5-E and 5-E2, respectively. In solution, they exhibit Cs and C2v molecular symme-
tries as evidenced by their 1H NMR spectra. In the solid state, however, the diiminodiphosphorane
5-(NMes)2 exhibits a low symmetry with distinct environments for each of its ten methyl groups
(Fig. 4-5), where the aryl rings are pi-stacking in an unsymmetric fashion. Steric crowding from the
mesityl groups led to a notable increase in P–P distance and N–P–P–N dihedral angle compared
to the dichalcogenides.
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Figure 4-5: Solid-state structures of the symmetric and the unsymmetric diiminodiphosphoranes
5-(NMes)2 (left and center) and 5-(NCPh3)(NMes) (right) with ellipsoids at the 50% probability
level and hydrogen atoms omitted for clarity. Selected interatomic distances [A˚] and angles [◦]
for 5-(NMes)2: P1–P2 2.2398(5), P1–N1 1.5531(13), P2–N2 1.5459(14), N1–P1–P2 120.61(5),
N2–P2–P1 120.70(6), C11–N1–P1 140.53(12), C21–N2–P2 140.72(12), N1–P1–P2–N2 5.57(10);
and for 5-(NCPh3)(NMes): P1–P2 2.2805(7), P1–N1 1.5561(15), P2–N2 1.5504(16), N1–P1–P2
124.25(6), N2–P2–P1 114.39(6), C21–N2–P2 134.51(14), C31–N1–P1 131.48(13), N1–P1–P2–
N2 10.95(11).
4.4.2 Other Azides for NGT Reactions
Treatment of diphosphane 5 with more electron-rich azides led to qualitatively slower reaction
rates. In the particular case of trityl azide, heating the reaction mixture in benzene at 70 ◦C for
9 hours was needed for clean, complete conversion to the monoiminophosphorane
(Ph3CN)P2(C6H10)2 (5-NCPh3). No further reactivity was observed upon continued heating at
90 ◦C in the presence of excess Ph3CN3. However, in the presence of MesN3, this monoiminophos-
phorane is converted to the unsymmetric mono-mesityl, mono-trityl diiminodiphosphorane
(MesN)(Ph3CN)P2(C6H10)2 (5-(NCPh3)(NMes)). In the solid state, the P–P interatomic distance
is slightly elongated from that in 5-(NMes)2, while the N–P–P–N dihedral angle is above 10◦
(Fig. 4-5). Inorganic azides react even more slowly with 5, as the reactions with Ph3SiN3 or
Me3SiN3 required additional heating after 9 hours at 70 ◦C to complete the conversion to the cor-
responding monoiminophosphorane products. No reaction was observed between diphosphane 5
and Ph3SnN3 even after 36 hours of heating at 90 ◦C.
Examples of monoiminophosphoranes with P–P bonds are plentiful in the literature, yet there
has been only one report describing the synthesis of iminophosphoranes directly from their par-
ent R2P–PR2 diphosphanes (R = Me, Et, n-Pr, n-Bu).21 The reaction of acyclic diphosphanes
with Me3SiN3 necessitated heating of the neat reagents to 100 ◦C to produce mixtures of both
monoimino- and diimino-functionalized products. Control over selectivity could only be achieved
by varying the number of azide equivalents used, and isolation of iminophosphorane-phosphanes
and diiminodiphosphoranes necessitated separation via distillation.21 As reported above, use of
diphosphane 5, however, allowed for complete selectivity control without requiring tedious purifi-
cation. In fact, except for the aryl azide MesN3, no azide underwent a second Staudinger reaction
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Figure 4-6: NBO analysis of 5-NMes shows a well-defined phosphorus lone pair (left, in blue)
which can be used for metal binding such as in (OC)3Ni((5-NMes)-κ1P) (right, DFT-optimized
structure).
Figure 4-7: Optimized structure of a macrocycle with two 1,1’-diazoferrocene fragments between
two diiminodiphosphorane units (left); select distances [A˚]: N–Ndiagonal 5.022 and 5.037, P–P
2.244 and 2.261, Fe–Fe 8.274. Coordination of a Pd2+ center compresses the macrocycle to a
structure reminiscent of porphyrin rings (right); select distances [A˚]: N–Ndiagonal 4.140 and 4.149,
P–P 2.214 and 2.215, Fe–Fe 7.100, Fe–Pd 3.900 and 3.921.
at the remaining proximal phosphorus atom under the tested conditions. As with MesCNO, this
selectivity is likely the result of having a rigid bicyclic structure where the first phosphorane sub-
stituent is locked in an eclipsed conformation that is sterically protective of the unfunctionalized
phosphorus lone pair. This produces the maximum amount of collisions with the incoming second
equivalent of MesCNO or RN3, thus greatly slowing down the second functionalization step to the
point where it is completely shut down for electron-rich azides.
4.5 Diphosphoranes for Metal Complexation
4.5.1 Mono-functionalized Diphosphanes as Ligands
Such selectivity for mono-functionalization of diphosphane 5 allows facile access to 5-E molecules.
These are potential ligands for binding metal centers in either an κ1 fashion, or a κ2P,E mode
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Table 4.2: Tolman electronic parameters for mono-functionalized 5-E derivatives com-
pared to PMe3, PPh3 and PF3.
Compound νCO(A1) (cm−1) ∆νPMe3 (cm−1)a χP(E)R2 (cm
−1)b
5 2042.9 −1.7 4.0
5′ 2045.6 1.0 6.7
5-O 2051.9 7.3 13.0
5-S 2052.9 8.3 14.0
5-Se 2052.2 7.6 13.3
5-Te 2047.6 3.0 8.7
5-NMes 2050.3 5.7 11.4
PMe3c 2044.6(2064.1) 0 2.6(2.6)
PPh3c 2046.3(2068.9) 1.7 3.3(4.3)
PF3c 2090.1(2110.8) 45.5 17.9(18.2)
a ∆νPMe3 = νCO(5-E)−νCO(PMe3); b χP(E)R2 = νCO(A1)E−2036.5−2× χiBu, where 5-E have been ap-
proximated to (iBu)2P–P(E)(iBu)2 (χiBu = 1.2 cm−1)31; c experimental values are shown inside parenthe-
ses. 31
Table 4.3: NBO analysis for mono-functionalized 5-E derivatives compared to PMe3,
PPh3 and PF3.
Compound s-orbital character Natural charge on
of P lone pair (%) λ 3-P λ 5-P E
5 59.8 0.46 — —
5′ 60.8 0.45 — —
5-O 61.3 0.43 1.52 −1.00
5-S 61.3 0.49 0.94 −0.54
5-Se 61.2 0.50 0.84 −0.47
5-Te 61.0 0.51 0.71 −0.34
5-NMes 61.5 0.44 1.40 −0.96
PMe3 54.4 0.70 — —
PPh3 49.4 0.75 — —
PF3 75.2 1.59 — —
with the formation of four-membered {MPPE} metallacycles. The potential of these mono-
phosphoranes as ligands has been investigated in silico for the κ1P binding mode. Using Ni(CO)3
as a metal fragment (Fig. 4-6), the Tolman electronic parameter can be extracted from the totally
symmetric stretch of the Ni(CO)3 unit (Table 4.2).31 The contribution χi from the λ 5-phosphorus
substituent (P(=E)R2) was computed to be 7 to 10 cm−1 higher than in the unfunctionalized
diphosphane 5. For comparison, this substituent contribution increases by around 15 cm−1 upon
going from a methyl to a fluorine substituent.31 This is in contrast to the minimal change in the
NBO s-orbital character (Table 4.3), indicating a significant inductive effect with little change in
geometry at the phosphorus atom.
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Scheme 4.4: Synthesis of molybdenum(II) complex (nppn)MoCl(CO)2(η3-C3H5).
Functionalization routes uncovered so far have enticed us to further investigate the use of
derivatives of diphosphane 5. Building on the newly uncovered reactivity of diphosphane 5, se-
quential Staudinger reactions with bisazides such as 1,1’-diazoferrocene32 could allow for the
synthesis of macrocycles (Fig. 4-7) and iminophosphorane polymers. Additionally, future inves-
tigations will involve the use of chiral azides in search for novel platforms provided by diimin-
odiphosphorane diastereoisomers.
4.5.2 Molybdenum Complexes with Diiminodiphosphorane Ligands
Molecules containing two iminophosphorane groups such as CHx(Ph2P=NR)2 have been used
as ligands in many metal-catalyzed reactions.33 In contrast, complexes that incorporate diimin-
odiphosphorane ligands and that contain a P–P bond have not yet been reported. This is quite
surprising when considering that the latter class of ligands could prove to be valuable counterparts
to the α-diimines that have been employed as ligands for a wide range of applications in transition-
metal catalysis.18,19 The bicyclic diiminodiphosphoranes reported here are superficially similar to
α-diimine ligands and offer a restricted rotation about the P–P bond. The diiminodiphosphorane
5-(NMes)2 (nppn) framework was considered an attractive bidentate ligand for applications in
transition-metal chemistry, and metalation reactions were accordingly carried out with both early
and late transition-metal sources.
Molybdenum(II) diimine complexes are good catalyst precursors for epoxidation of alkenes,34
which led us to target diiminodiphosphorane analogues. Treatment of molybdenum(II) source
MoCl(CO)2(η3-C3H5)(NCMe)2 35 with nppn in dichloromethane (Scheme 4.4), allowed for the
isolation of the (nppn)MoCl(CO)2(η3-C3H5) complex (16) as a pale yellow powder in 91% yield.
NMR spectroscopy revealed broad features indicative of a low-symmetry complex engaging in a
slow exchange process, and two broad 31P NMR resonances near +6 ppm (1JP−P =180 Hz) that
imply two different substituents trans to the nitrogen atoms of the chelating nppn ligand. Indeed,
the solid-state structure obtained for the complex 16 reveals a pseudo-octahedral geometry around
molybdenum, with a carbonyl and an allyl group occupying the positions trans to the nppn chelate
(Fig. 4-8). The N–Mo–N bite angle of 81.54(7)◦ is similar to the angle in molybdenum(II) α-
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Figure 4-8: Solid-state structures of the molybdenum(II) 16 and nickel(II) 17 complexes with
ellipsoids at the 50% probability level; solvent molecules and hydrogen atoms were omitted for
clarity. Selected interatomic distances [A˚] and angles [◦] for 16: P1–P2 2.1525(9), Mo1–N1
2.317(2), Mo1–N2 2.244(2), Mo1–C1 1.918(3), Mo1–C2 1.949(3), Mo1–Cl1 2.6213(7), P1–
N1 1.600(2), P2–N2 1.605(2), N2–Mo1–N1 81.54(7), P1–N1–Mo1 117.46(10), P2–N2–Mo1
120.17(11), N1–P1–P2 105.98(8), N2–P2–P1 103.91(8), C4–Mo1–N2 165.37(9), C2–Mo1–N1
169.23(10), C1–Mo1–Cl1 173.12(10), N1–P1–P2–N2 1.28(11), P2–P1–N1–Mo 21.51(12), P1–
P2–N2–Mo 25.11(12); for 17: P1–P2 2.1676(12), Ni1–N2 2.011(3), Ni1–N1 2.019(3), P1–
N1 1.586(3), P2–N2 1.585(3), N2–Ni1–N1 93.88(11), P1–N1–Ni1 113.02(14), P2–N2–Ni1
114.53(16), N1–P1–P2 104.16(12), N2–P2–P1 104.10(11), Cl1–Ni1–Cl2 122.58(4), N1–P1–P2–
N2 4.91(14), P2–P1–N1–Ni 16.84(14), P1–P2–N2–Ni 24.47(14).
diimine complexes.34 The metallacycle exhibits an envelope conformation, with almost coplanar
P–N bonds (N–P–P–N: 1.28(11)◦; P–P–N–Mo: 21.51(12)◦ and 25.11(12)◦). The longer Mo–N
bond observed trans to the CO ligand is consistent with the strong structural trans effect of CO.36
Compared to the free nppn, chelation led to a slight elongation of the P–N distances by about
0.05 A˚, coupled with significant shortening of the P–P distance to 2.1525(9) A˚. This distance
is almost 0.1 A˚ shorter than in free nppn and is the shortest P–P distance of all the compounds
reported herein, consistent with the electron-withdrawing effect of a Lewis-acidic metal center.
These observations suggest with a significant depletion of electron density from the nppn ligand
onto the d4 metal center.
A similar product to this molybdenum(II) complex 16 was obtained upon treatment of the
molybdenum(VI) MoCl2O2(OSMe2)2 with the diiminodiphosphorane 5-(NMes)2 in dichlorome-
thane. The product (nppn)MoCl2O2 (5) shows two distinct 31P NMR environments for the phos-
phorus atoms at +10 and +14 ppm, consistent with an octahedral geometry where the equatorial
plane is occupied by the chelating 5-(NMes)2 ligand, a chloride and an oxo ligand. Alternatively,
treatment of Mo(CO)4(norbornodiene) with nppn led to a slow, but clean appearance of a 31P NMR
sharp singlet signal near −5 ppm consistent with the formation of the complex (nppn)Mo(CO)4.
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Table 4.4: Comparison of the distances [A˚] and dihedral angles [◦] for crystallographi-
cally characterized {EPPE} pockets.
Compound P–P E–E E–P–P–E N–M–N
5 2.2218(5)
5-(O)2 2.2185(7) 3.424(2) 0 —
5-(S)2 2.2192(4) 3.8361(4) 1.96(2) —
5-(NCPh3)(NMes) 2.2805(7) 3.807(2) 10.95(11) —
5-(NMes)2 2.2398(5) 3.822(2) 5.57(10) —
16 2.1525(9) 2.979(3) 1.28(11) 81.54(7)
17 2.1676(12) 2.946(4) 4.91(14) 93.88(11)
19 2.161(3) 2.811 0.81 89.8(3)
20 -Sn 2.182(2) 2.974 3.39 85.49(19)
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Scheme 4.5: Syntheses of nickel(II) complexes (nppn)NiCl2 and [(nppn)Ni(η3-2-C3H4Me)][OTf].
4.5.3 Nickel and Palladium Complexes of Diiminodiphosphoranes
Nickel(II) α-diimine complexes are desirable synthetic targets as many have been shown to ex-
hibit high activities towards olefin polymerization.19 We targeted analogous diiminodiphospho-
rane complexes and isolated the deep-turquoise, paramagnetic nickel(II) complex (nppn)NiCl2
(17) in 76% yield from the treatment of nppn with the NiCl2(dme) precursor (Scheme 4.5, dme =
1,2-dimethoxyethane). The solid-state structure of the paramagnetic complex 17 reveals a pseudo-
tetrahedral geometry around the nickel(II) center (Fig. 4-8). As with complex 16, the metallacycle
exhibits an envelope conformation with almost coplanar P–N bonds (N–P–P–N: 4.91(14)◦; P–P–
N–Ni: 16.84(14)◦ and 24.47(14)◦) and contains almost equal Ni–N distances, with a shortened
P–P but elongated P–N distances when compared to free nppn. However, the changes are less
drastic as compared to those in the complex 16, consistent with a less electron-poor d8 metal
center. A square-planar nickel(II) complex was also obtained by treating half of an equivalent
of the [NiCl(η3-2-C3H4Me)]2 dimer in dichloromethane with AgOTf in the presence of nppn
(Scheme 4.5, OTf = CF3SO3). The [(nppn)Ni(η3-2-C3H4Me)][OTf] product (18) was crystallized
from the filtrate as a golden powder, in 59% yield. The nickel complex 18 exhibits diamagnetism
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Scheme 4.6: Syntheses of group 14 complexes (nppn)GeCl2, (nppn)Sn(OTf)2 and
(nppn)Pb(OTf)2.
characteristic of square-planar nickel(II) centers with a low-spin d8 electronic configuration. Al-
though it shows a sharp 31P NMR singlet resonance (+25 ppm), the complex manifests two distinct
1H NMR environments for the ortho-mesityl groups and two for the methyl groups on the bicyclic
backbone. This pseudo-Cs symmetry (with a σ plane through Ni and the middle of the P–P bond)
is indicative of a crowded, rigid environment around the metal center, where the mesityl groups
are locked on one side of the {NiN2} plane. This steric crowding is alleviated when exchanging
the metal center for palladium(II) in [(nppn)Pd(η3-C3H5)][OTf]. This salt was generated from
the treatment of half of an equivalent of [PdCl(C3H5)]2 with AgOTf in the presence of 5-(NMes)2
(Scheme 4.5). It exhibits a sharp 31P NMR chemical signal (+19 ppm), but unlike complex 18-Ni,
it exhibits a pseudo-C2v symmetry in solution in the 1H NMR spectrum.
4.6 Diiminodiphosphoranes as Platforms for Main Group Elements
4.6.1 Binding of Group 14 Elements to Diiminodiphosphoranes
Following the results from the transition-metal complexes with the 5-(NMes)2 ligand, a natural
extension of this work became investigating the chemistry of p-block elements when stabilized
on such a diiminodiphosphorane framework. Recently, there has been an increased interest to
use such platforms in order to stabilize main group elements in unusual geometries and oxidation
states.37
Treatment of diiminodiphosphorane 5-(NMes)2 with appropriate group 14 sources allowed for
clean formation of divalent group 14 complexes (Scheme 4.6). Using GeCl2(1,4-dioxane) allowed
for the isolation of such a germanium complex, [(nppn)GeCl][Cl] (19, 82% yield). The solid-state
structure of complex 19 revealed the presence of a cation where a three-coordinate germanium
center still has a chloride ligand directly attached to it (Fig. 4-9). Although the 31P NMR signal
is sharp (+38.0 ppm), the 1H NMR spectrum shows broad resonances, likely indicative of rapid
exchange between the two chloride ligands at the germanium(II) site.
The use of Sn(OTf)2 or Pb(OTf)2 enabled the isolation of the analogous [(nppn)M(OTf)][OTf]
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Figure 4-9: Solid-state structures of the germanium(II) 19 and tin(II) 20-Sn complexes with el-
lipsoids at the 50% probability level; solvent molecules and hydrogen atoms were omitted for
clarity. Selected interatomic distances [A˚] and angles [◦]: for 19: P1–P2 2.161(3), Ge1–N1
1.985(7), Ge1–N2 2.007(7), P1–N1 1.620(6), P2–N2 1.609(6), Ge1–Cl1 2.335(6), N1–Ge1–N2
89.8(3), N1–P1–P2 101.8(2), N2–P2–P1 101.8(2), P1–N1–Ge1 119.1(3), P2–N2–Ge1 118.7(3),
N1–Ge1–Cl1 93.8(3), N2–Ge1–Cl1 93.3(2); or 20-Sn: P2–P1 2.182(2), Sn1–N1 2.182(4), Sn1–
N2 2.161(6), P1–N1 1.617(5), P2–N2 1.626(4), Sn1–O1 2.252(6), N2–Sn1–N1 85.49(19), N2–
P2–P1 102.8(2), N1–P1–P2 104.52(19), P1–N1–Sn1 119.7(3), P2–N2–Sn1 120.4(3), N2–Sn1–O1
82.7(2), N1–Sn1–O1 87.95(18).
salt (20-M, Scheme 4.6, 66% yield for Sn, 42% yield for Pb). Sharp 31P NMR features in the
31P NMR spectrum are observed at +31.5 ppm, and +18.5 ppm, respectively. The complex
20-Sn exhibits an analogous molecular structure to 19 (Fig.4-9). However, the 1H NMR fea-
tures of the 19-M salts are not broadened out by fast OTf− exchange. When using SnCl2, the
[(nppn)SnCl][SnCl3] could be crystallized out of the reaction mixture, while premixing SnCl2
with TMSOTf for 10 minutes allowed for the generation of the [(nppn)SnCl][OTf] salt. The first
chloride ligand can be easily exchanged upon treatment of 19 with TMSOTf to yield the analogous
salt, [(nppn)GeCl][OTf] (31P NMR δ : +31 ppm). However, treatment with additional TMSOTf
does not lead to further exchange even upon heating, as the 1H NMR features of the germanium(II)
cation sharpen up similarly to those of 20-M.
The isolated (nppn)MX2 complexes were investigated for anion exchange with the N−3 an-
ion. Treatment with two equivalents of NaN3 led to the appearance of two distinct azide stretches
in the IR spectra. For tin, the stretch for bound azide decreased by about 50 cm−1 (to 2074
cm−1) from the free azide, while for germanium, the decrease is almost 100 cm−1 (to 2016 cm−1).
These [(nppn)M(N3)][N3] complexes could be good sources of group 14 nitrides via N2 loss. The
(nppn)MX2 were also exposed to reducing agents in hope to remove two X groups. In silico inves-
tigations of such species containing a two-coordinate germanium center showed that it would lead
to loss of a 2,3-dimethylbutadiene molecule, and formation of a product containing λ 3 phosphorus
atoms shared between a {P2C4} and a {GeN2P2} cycle. Indeed, reduction of complex 19 with KC8
led to the appearance of a major product exhibiting a sharp 31P NMR signal at +74 ppm consis-
tent with such a formulation. This observation could suggest that germylene, stannene, plumbene,
or even carbene heterocycles could be achievable starting from the nppn diiminodiphosphorane
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framework.
4.6.2 Phosphorus-atom Addition to the Diphosphorane Framework
Incorporation of a phosphorus atom into the pocket of the nppn framework was also attempted.
The formation of 2:1 pairs of doublets and triplets anticipated for {PN2P2} cycles could not be
observed when treating the diiminodiphosphorane with either PhPCl2, DMP-PCl2 (DMP = 2,6-
dimesitylphenyl), PI3, or P2I4 even when performing the mixing at thawing temperatures. Only
when treating nppn with PBr3 in the presence of the halogen trap cyclohexene,38 the appearance
of the doublet-triplet pair for the bromophosphine product at +172 and −15 ppm (2JPP = 40 Hz)
was observed.
4.7 Concluding Remarks
The synthesis of diphosphoranes was achieved directly from diphosphane 5 by taking advantage
of the rigidity inherent to its bicyclic nature. The pronounced stability of 5 towards P–P bond
breaking reactions has allowed for selective functionalization reactions which are not available
for acyclic diphosphanes. Reactivity of 5 with the OAT reagent MesCNO has been investigated
in detail using computational and calorimetric techniques. Sequential OAT reactions allowed for
clean formation of a monoxide and a dioxide; further oxidation involving the cleavage of the P–
P bond is much slower. Phosphine sulfides were isolated from treatment of diphosphane 5 with
SSbPh3, while treatment of 5 with organic azides led to formation of mono- and diiminodiphos-
phoranes via sequential Staudinger reactions. Functionalization at the second phosphorus atom is
significantly slower than for the first one, permitting the installation of mixed functional groups on
the phosphorus atoms. Metalation reactions with diiminodiphosphoranes have shown that these
ligands provide an attractive pre-organized binding pocket for both late and early transition met-
als. All these chemical transformations have demonstrated that a stable and versatile platform is
provided by the diphosphane backbone 5. Diphosphane frameworks with P–P bonds rarely exhibit
such stability under similar reaction conditions, thus making derivatives of bicyclic diphosphane 5
appealing for a wide range of potential chemical applications. Investigating the catalytic behavior
of such complexes based on the diiminodiphosphorane ligand 5-(NMes)2 would be of high pri-
ority, as mixed, unsymmetric diphosphorane ligands derived from the framework 5 could allow
for a large library of supporting frameworks for metal centers. In addition, investigating the use
of diiminodiphosphoranes in stabilizing unusual oxidation states for p-block elements would al-
low for understating the bonding of main group elements. Finally, diiminodiphosphoranes may
pose promising potential in stereochemical applications or as building blocks for macrocycles and
polymers.
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4.8 Experimental Details
4.8.1 General synthetic details
Unless otherwise stated, all manipulations were performed in a Vacuum Atmospheres model MO-
40M glove box under an inert atmosphere of purified N2. Solvents were obtained anhydrous and
oxygen-free by sparging with N2 and purifying using a Glass Contours Solvent Purification System
(SG Water). Deuterated solvents were purchased from Cambridge Isotope Laboratories, degassed,
and stored over molecular sieves prior to use. All glassware was oven-dried at temperatures greater
than 170 ◦C prior to use. Celite 435 (EM Science) was dried by heating above 200 ◦C under a
dynamic vacuum for at least 48 h prior to use, while alumina (activated, basic, Brockman I) was
dried similarly for at least 7 days prior to use. NMR spectra were obtained on Varian Mercury 300,
Varian Inova 500, or Bruker Avance 400 instruments equipped with Oxford Instruments supercon-
ducting magnets, and were referenced to the appropriate solvent resonances: for C6D6 signals 1H
at 7.16 ppm, and 13C at 128.39 ppm;for CDCl3: 1H at 7.26 ppm, 13C at 77.16 ppm; for DMSO-d6:
1H at 2.50 ppm, 13C at 39.52 ppm.39 31P NMR spectra were referenced externally to 85% H3PO4
(0 ppm). Elemental analyses were performed by Midwest Microlab LLC, Indianapolis, IN. White
phosphorus was acquired from Thermphos International. Diphosphane 5,3 MesCNO,40 MesN3,41
Ph3EN3,42 and [Mo(CO)2Cl(η3-C3H5)(NCMe)2]35 were prepared and isolated according to liter-
ature protocols, while the other reagents were acquired from commercial sources.
4.8.2 Synthesis of monoxide OP2(C6H10)2 (5-O)
A solution of MesCNO (71 mg, 0.44 mmol, 1.0 equiv) in Et2O (3 mL) was added dropwise, over
a period of 5 min, to a solution of 5 (100 mg, 0.44 mmol, 1.0 equiv) in Et2O (6 mL). White
precipitate started forming half-way through the addition; the mixture was stirred for another 5
min after the addition was complete. The final mixture was diluted with pentane (10 mL) and
the white solids were collected on a fritted glass filter, washed with pentane (10 mL), and dried
under reduced pressure. A white powder consisting of pure OP2(C6H10)2 was obtained (93 mg,
0.38 mmol, 87% yield). 1H NMR (C6D6, 20 ◦C, 400 MHz) δ : 2.37 (dd, 2JHP = 18.2 Hz, 2JHH
= 15.0 Hz, 2 H, OPCHH), 2.14 (pst, 12.2 Hz, 2 H, OPCHH), 2.02 (psq, 14.4 Hz, 2 H, PCHH),
1.76 (dd, 2JHP = 22.7 Hz, 2JHH = 14.0 Hz, 2 H, PCHH), 1.54 (s, 6 H, PCH2CCH3), 1.39 (s, 3
H, OPCH2CCH3), 1.37 (s, 3 H, OPCH2CCH3) ppm; assignments were made based on the 1H–1H
COSY NMR spectrum (Fig. 4-10). 13C{1H} NMR (C6D6, 20 ◦C, 100.6 MHz) δ : 127.1 (dd, 2JCP
= 12 Hz, 3JCP = 1.5 Hz, OPCH2CH0), 124.7 (dd, 2JCP = 9 Hz, 3JCP = 4 Hz, PCH2CH0), 36.7 (d,
1JCP = 41.8 Hz, OPCH2), 28.9 (dd, 1JCP = 26.5 Hz, 2JCP = 4.5 Hz, PCH2), 21.4 (d, 3JCP = 1.0 Hz,
CH3), 21.2 (d, 3JCP = 3.2 Hz, CH3) ppm. 31P{1H} NMR (C6D6, 20 ◦C, 161.9 MHz) δ : +75.9 (d,
1JPP = 217 Hz, 1 P, OPP), −87.4 (d, 1 P, OPP) ppm. 31P NMR (CDCl3, 20 ◦C, 121.5 MHz) δ :
+82.1 (d), −84.9 (d). Elemental analysis [%] found (and calcd. for C12H20P2O): C 59.37 (59.50);
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H 8.17 (8.32); N none (0.00).
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Figure 4-10: 1H–1H COSY spectrum of monooxide 16.
4.8.3 Synthesis of dioxide O2P2(C6H10)2 (5-(O)2)
A solution of MesCNO (123 mg, 0.76 mmol, 2.0 equiv) in toluene (2 mL) was added dropwise
over 3 min to a solution of 5 (86 mg, 0.38 mmol, 1.0 equiv) in toluene (3 mL). The mixture became
cloudy within minutes, but was allowed to stir for 24 h. After diluting with Et2O (5 mL), the white
precipitate was collected on a fritted glass filter, washed with Et2O (10 mL), and dried under
reduced pressure. A white powder consisting of pure O2P2(C6H10)2 (92 mg, 0.36 mmol, 94%
yield) was collected. 1H NMR (DMSO-d6, 20 ◦C, 400 MHz) δ : 3.03 (dd, 2JHH = 14.6 Hz, 2JHP
= 7.6 Hz, 4 H, OPCHH), 2.68 (d, 4 H, OPCHH), 1.74 (s, 12 H, CH3) ppm. 13C NMR (DMSO-
d6, 20 ◦C, 100.6 MHz) δ : 123.8 (s, CH0), 34.8 (vt, 12JCP = 27.7 Hz, CH2), 21.4 (s, CH3) ppm.
31P NMR (DMSO-d6, 20 ◦C, 121.5 MHz) δ : +16.2 (s) ppm. 31P{1H} NMR (C6D6, 20 ◦C, 121.5
MHz) δ : +11.5 (s) ppm. 31P NMR (CDCl3, 20 ◦C, 121.5 MHz) δ : +14.1 (s) ppm. Elemental
analysis [%] found (and calcd. for C12H20P2O2): C 56.40 (55.81); H 8.59 (7.81); N none (0.00).
4.8.4 Generation of trioxide O3P2(C6H10)2 (5-(O)3)
A solution of monoxide 5-O (10 mg, 0.76 mmol, 2.0 equiv) in DMSO-d6 (1 mL) inside an NMR
tube was heated via a heat-gun for 5 min until the solvent started boiling, after which, NMR
spectroscopic analysis showed the presence of only trioxide 5-(O)3. 1H NMR (CDCl3, 20 ◦C, 400
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MHz) δ : 2.93 (br s, 8 H, CH2), 1.87 (s, 12 H, CH3) ppm. 1H NMR (DMSO-d6, 20 ◦C, 400 MHz)
δ : 2.85 (vbr s, 8 H, CH2), 1.77 (s, 12 H, CH3) ppm. 13C NMR (CDCl3, 20 ◦C, 100.6 MHz) δ :
125.5 (s, CH0), 38.8 (vt, 12JCP = 19.5 Hz, CH2), 22.3 (s, CH3) ppm. 31P{1H}NMR (CDCl3, 20 ◦C,
162 MHz) δ : +22.1 (s) ppm. 31P{1H} NMR (DMSO-d6, 20 ◦C, 162 MHz) δ : +12 (s) ppm.
The asymmetric unit of trioxide 5-(O)3 contained a minor disorder component assigned as the
endo-exo isomer of dioxide 5-(O)2 (Fig. 4-11).
Figure 4-11: Asymmetric unit of trioxide 5-(O)3 showing the endo,exo-5-(O)2 disorder (center)
compared to the solid-state structure of dioxide 5-(O)2. Selected interatomic distances [A˚] and
angles [◦] for exo-endo isomer of 5-(O)2: P1–P2A 2.289(5), P1–O1A 1.27(2), P2A–O2A 1.452(8),
O1A–P1–P2A 117.6(10), O2A–P2A–P1 117.7(5).
4.8.5 Synthesis of monosulfide SP2(C6H10)2 (5-S)
To a solution of 5 (94 mg, 0.41 mmol, 1.0 equiv) in Et2O (5 mL) a suspension of SSbPh3 (160
mg, 0.41 mmol, 1.0 equiv) in Et2O (5 mL) was added drop wise. After 1 h of vigorous stirring,
the suspension was filtered and washed with Et2O (10 mL), and the white powder was dried under
reduced pressure to yield 5-S (60 mg, 0.23 mmol, 56%). 1H NMR (C6D6, 20 ◦C, 400 MHz) δ :
2.35 (d, 2JHP = 13.5 Hz, 2 H, SPCHH), 2.05 (m, 2 H, SPCHH), 1.89 (m, 2 H, PCHH), 1.75 (m,
2 H, PCHH), 1.57 (s, 6 H, PCH2CCH3), 1.38 (s, 3 H, SPCH2CCH3), 1.36 (s, 3 H, SPCH2CCH3)
ppm. 13C{1H} NMR (C6D6, 20 ◦C, 100.6 MHz) δ : 128.8, 125.7, 39.9, 31.5, 22.9, 22.7 ppm.
31P{1H} NMR (C6D6, 20 ◦C, 121.5 MHz) δ : +62.0 (d, 1JPP = 280 Hz, 1 P, SPP), −62.0 (d, 1 P,
SPP) ppm. 31P NMR (CDCl3, 20 ◦C, 162 MHz) δ : +62.6 (d, 1JPP = 277 Hz, 1 P, SPP), −59.1
(d, 1 P, SPP) ppm. Elemental analysis [%] found (and calcd. for C12H20P2S): C 55.59 (55.80); H
7.96 (7.80); N none (0.00).
4.8.6 Synthesis of disulfide S2P2(C6H10)2 (5-(S)2)
A 1:1 toluene–THF solution (8 mL) of SSbPh3 (321 mg, 0.83 mmol, 2.0 equiv) was added to a
toluene (2 mL) solution of 5 (94 mg, 0.41 mmol, 1.0 equiv). After 5 min of vigorous stirring, a
white precipitate started forming. After 2 h of stirring, Et2O (5 mL) was added to precipitate all of
the product. A white powder consisting of analytically pure S2P2(C6H10)2 (105 mg, 0.36 mmol,
87%) was collected by filtration on a fritted glass filter, washing with Et2O (10 mL) and drying
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under reduced pressure. 1H NMR (CDCl3, 20 ◦C, 400 MHz) δ : 2.93 (br s, 8 H, CH2), 1.87 (s,
12 H, CH3) ppm. 13C NMR (CDCl3, 20 ◦C, 100.6 MHz) δ : 125.5 (s, CH0), 38.8 (vt, 12JCP =
19.5 Hz, CH2), 22.3 (s, CH3) ppm. 31P{1H} NMR (C6D6, 20 ◦C, 121.5 MHz) δ : +20.4 (s) ppm.
31P{1H} NMR (CDCl3, 20 ◦C, 162 MHz) δ : +22.1 (s) ppm. Elemental analysis [%] found (and
calcd. for C12H20P2S2): C 49.59 (49.64); H 6.96 (6.94); N none (0.00).
4.8.7 Synthesis of diiminodiphosphorane (MesN)2P2(C6H10)2 (5-(NMes)2, nppn)
A toluene (5 mL) solution of MesN3 (1.416 g, 8.78 mmol, 2.0 equiv) was added dropwise to a
stirring toluene (5 mL) solution of 5 (0.993 g, 4.39 mmol, 1.0 equiv) inside a 50 mL Schlenk
flask. The reaction mixture was allowed to stir for 15 minutes to allow N2 evolution before sealing
the flask containing the mixture and bringing it outside of the glovebox. The flask was then
connected to a reflux condenser and N2 bubbler, and the mixture was heated to reflux overnight.
After cooling, the mixture was brought back into the glovebox, and concentrated by 50%. Et2O
(5 mL) and hexane (10 mL) were added to further precipitate the product, which was collected on
a fritted glass filter, washed with hexane (30 mL) and dried under reduced pressure. The white
crystalline solids consisting of analytically pure 5-(MesN)2 were collected (1.946 g, 3.85 mmol,
90% yield). Concentrating the filtrate and collecting the resulting solids yielded an additional
amount of product (28 mg, 91% total yield). 1H NMR (CDCl3, 20 ◦C, 400.1 MHz) δ : 6.89 (s, 4
H, m-Mes), 2.65 (br dd, 2JHH = 14 Hz, 4 H, CHH), 2.38 (s, 12 H, o-Mes), 2.29 (s, 6 H, p-Mes),
2.08 (br d, 4 H, CHH), 1.39 (s, 12 H, CH3) ppm. 13C{1H} NMR (C6D6, 20 ◦C, 100.6 MHz) δ :
131.7 (vt, JCP = 6.5 Hz, i-Mes), 129.1 (m-Mes), 129.0 (o-Mes), 127.8 (p-Mes), 124.8 (C=C), 38.4
(vtr, JCP = 29 Hz, CH2), 21.6 (o-Mes), 21.4 (p-Mes), 21.3 (H3C-C=C) ppm. 31P{1H}NMR (C6D6,
20 ◦C, 121.5 MHz) δ : −35.7 (s) ppm. Elemental analysis [%] found (and calcd. for C30H42P2N2):
C 73.06 (73.14); H 8.46 (8.59); N 5.60 (5.69); P 12.70 (12.58). Allowing the crystals to age in
air for 45 days at room temperature led to less than 10% decomposition (as assayed by 1H NMR
spectroscopy).
4.8.8 Treatment of 5 with MesCNO
A solution of MesCNO (9.6 mg, 0.060 mmol, 0.9 equiv) in C6D6 was added dropwise to a stirring
solution of 5 (15 mg, 0.066 mmol, 1.0 equiv). After less than 30 min, NMR spectroscopy indicated
complete conversion of the MesCNO to MesCN, and partial conversion of 5 to 5-O. Addition
of further MesCNO (12 mg, 0.073 mmol, 1.1 equiv) led to a white precipitate starting to form,
while the solution contained after 30 mins only a small amount of 5-(O)2 and equimolar amounts
of MesCNO and MesCN. Repeating the reaction in toluene (2:1 initial stoichiometry) yielded
incomplete consumption of 5-O after 12 h. After 24 h, the amount of unreacted 5-O was under 5%
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4.8.9 Treatment of 5 with SeSbPh3
A C6D6 (0.5 mL) suspension of SeSbPh3 (45 mg, 0.12 mmol, 2.0 equiv) was added to a C6D6
(0.5 mL) solution of 5 (14 mg, 0.06 mmol, 1.0 equiv) drop-wise under vigorous stirring. Not
all the selenide had been dissolved during the addition, thus leading to an inhomogenous dis-
tribution of reagents. Analysis of the reaction mixture after one hour of stirring indicated the
presence of a small amount of unreacted 5, as well as major peaks consistent with SeP2(C6H10)2
and Se2P2(C6H10)2, as well as Se3P2(C6H10)2. Allowing the mixture to age overnight did not
yield to any changes in the NMR. 31P{1H} NMR (C6D6, 20 ◦C, 121.5 MHz) δ for SeP2(C6H10)2:
+37.5 (d, 1JPP = 310 Hz, 1J77SeP = 714 Hz), −56.5 (d) ppm; for Se2P2(C6H10)2: −5 (s) ppm; for
Se3P2(C6H10)2: +33.5 (s, 1J77SeP = 757 Hz) ppm.
4.8.10 Treatment of 5 with RN3 azides
Treatment with MesN3. A C6D6 solution of MesN3 (19 mg, 0.12 mmol, 2.0 equiv) was added
dropwise to a C6D6 solution of 5 (13 mg, 0.06 mmol, 1.0 equiv) and the resulting mixture was
monitored by NMR spectroscopy. All of 5 was consumed within 30 mins, and the mixture con-
tained 5-(NMes), a trace amount of 5-(NMes)2, and unreacted MesN3. After 6 h at room tem-
perature, the mixture contained equimolar amounts of 5-(NMes) and 5-(NMes)2 as slow bubbling
could still be observed. 1H NMR (C6D6, 20 ◦C, 400 MHz) 5-(NMes) δ : 6.54 (s, 2 H, m-Mes),
2.49 (s, 6 H, o-Mes), 2.46 (m, 2 H), 2.36 (s, 3 H, p-Mes), 2.30 (dd, 2 H), 1.95 (m, 2 H), 1.80 (dd,
2 H), 1.50 (s, 6 H, CH3), 1.42 (s, 3 H, CH3), 1.40 (s, 3 H, CH3) ppm. 31P{1H} NMR (C6D6, 20
◦C, 121.5 MHz) 5-(NMes) δ : +30.7 (d, 1JPP = 274Hz, NPP), −97.9 (d, NPP) ppm.
Sequential treatment of 5 with Ph3CN3 and MesN3. A C6D6 (0.5 mL) solution of Ph3CN3
(37 mg, 0.13 mmol, 3.0 equiv) was added drop-wise to a solution of 5(10 mg, 0.044 mmol, 1.0
equiv) in C6D6 (0.5 mL). Only a small amount of diphosphane was consumed after 30 mins at
room temperature. Heating to 70 ◦C led to observable gas evolution, and after 9 h of heating all
the starting diphosphane 5 had been converted to 5-(NCPh3). Additional heating to 90 ◦C for 38 h
led to no additional changes by NMR. 1H NMR (C6D6, 20 ◦C, 400 MHz) δ : 7.88 (d, 6 H, m-Ph),
7.17 (s, 9 H, o-Ph, p-Ph), 1.94 (dd, 2 H), 1.80 (brd, 6 H), 1.64 (s, 6 H, CH3), 1.47 (s, 3 H, CH3),
1.46 (s, 3 H, CH3) ppm. 31P{1H} NMR (C6D6, 20 ◦C, 121.5 MHz) 5-(NCPh3) δ : +36.2 (d,
1JPP = 296Hz, NPP), −98.9 (d, NPP) ppm.
Excess MesN3 (21 mg, 0.13 mmol, 3.0 equiv) was added to the mixture and the resulting
solution was heated to 90 ◦C. Vigorous evolution of N2 was observed for 20 mins, and the mixture
was heated for another 12 h, leading to complete conversion into the mixed 5-(NCPh3)(NMes).
1H NMR (C6D6, 20 ◦C, 400 MHz) δ : 7.65 (d, 6 H, m-Ph), 7.1 (m, 9 H, o-Ph, p-Ph), 6.65 (s,
2 H, m-Mes), 2.43 (s, 6 H, o-Mes), 2.27 (s, 3 H, p-Mes), 2.3–2.0 (m, 8 H, CH2), 1.39 (s, 6 H,
CH3), 1.29 (s, 6 H, CH3). 31P{1H} NMR (C6D6, 20 ◦C, 121.5 MHz) δ : −30.9 (d, 1JPP = 93Hz,
Ph3CNP), −33.0 (d, MesNP) ppm.
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Treatment of 5 with Me3SiN3 . A C6D6 (0.5 mL) solution of Me3SiN3 (24 mg, 0.21 mmol,
2.0 equiv) was added drop-wise to a C6D6 (0.5 mL) solution of 5 (24 mg, 0.10 mmol, 1.0 equiv).
No reaction was observed after 30 min at room temperature, and only 40% conversion after 9 h
at 70 ◦C. Heating for 36 more h at 90 ◦C allowed for a 95% conversion. After another 36 h, a
complete conversion to the monoimido Me3SiNP2(C6H10)2 could be observed. 1H NMR (C6D6,
20 ◦C, 400 MHz) δ : 2.21 (m, 4 H), 2.04 (dd, 2 H), 1.84 (dd, 2 H), 1.59 (s, 6 H, CH3), 1.45 (s, 3 H,
CH3), 1.43 (s, 3 H, CH3), 0.43 (s, 9 H, Si(CH3)3) ppm. 31P{1H} NMR (C6D6, 20 ◦C, 121.5 MHz)
δ : +34.6 (d, 1JPP = 239Hz, NPP), −86.6 (d, NPP) ppm.
Sequential treatment of 5 with Ph3SiN3 and MesN3. A C6D6 (0.5 mL) solution of Ph3SiN3
(30 mg, 0.10 mmol, 2.0 equiv) was added drop-wise to a C6D6 (0.5 mL) solution of 5 (12 mg, 0.05
mmol, 1.0 equiv). Little reactivity was observed after 30 min at room temperature, and after 9 h
at 70 ◦C, 80% conversion of 5 to 5-(NSiPh3) was observed. Complete conversion was observed
after 36 h at 90 ◦C. 1H NMR (C6D6, 20 ◦C, 400 MHz) δ : 7.98 (d, 6 H, m-Ph), 7.27 (m, 9 H, p-Ph,
o-Ph), 2.15 (m, 4 H), 1.59 (s, 6 H, CH3), 1.45 (s, 3 H, CH3), 1.43 (s, 3 H, CH3), 0.43 (s, 9 H,
Si(CH3)3) ppm. 31P{1H} NMR (C6D6, 20 ◦C, 121.5 MHz) δ : +34.6 (d, 1JPP = 239Hz, NPP),
−86.6 (d, NPP) ppm.
Excess MesN3 (20 mg, 0.12 mmol, 2.5 equiv) was added to the mixture and the resulting
solution was heated to 90 ◦C. Vigorous evolution of N2 was observed immediately, and after
heating for 12 h, complete conversion to 5-(NSiPh3)(NMes) was observed. 31P{1H} NMR (C6D6,
20 ◦C, 121.5 MHz) δ : −25.1 (d, 1JPP = 130Hz, SiNP), −33.0 (d, MesNP) ppm.
Treatment of 5 with Ph3SnN3 . A suspension of Ph3SnN3 (36 mg, 0.09 mmol, 1.8 equiv)
and 5 (11 mg, 0.05 mmol, 1.0 equiv) in C6D6 (1 mL) was heated for 36 h at 90 ◦C, at which point
no conversion of 5 to new products could be observed.
4.8.11 Treatment of 5-O with MesN3
MesN3 (12 mg, 0.07 mmol, 1.0 equiv) was added to a suspension of 5-O (17 mg, 0.07 mmol,
1.0 equiv) in C6D6 (1 mL). After 30 mins at room temperature, a small amount of 5-(O)(NMes)
had formed, and after 12 h, about half of the initial 5-O had been converted to 5-(O)(NMes), yet
unselectively (Fig. 4-12). 1H NMR (C6D6, 20 ◦C, 400 MHz) δ : 6.98 (s, 2 H, m-Mes), 2.58 (s, 6
H, o-Mes), 2.32 (s, 3 H, p-Mes), 2.5–1.8 (m, 8 H), 1.49 (s, 6 H, CH3), 1.32 (s, 6 H, CH3) ppm.
31P{1H} NMR (C6D6, 20 ◦C, 121.5 MHz) δ : +7.6 (d, 1JPP = 106 Hz, OP), −29.5 (d, NP) ppm.
4.8.12 Treatment of P2Ph4 with MesN3
MesN3 (19 mg, 0.12 mmol, 3.0 equiv) was added to a solution of P2Ph4 (15 mg, 0.04 mmol,
1.0 equiv) in C6D6 (1 mL). After 12 h at room temperature, the reaction mixture contained a
relatively small amount of what we tentatively assigned as Ph2P–P(NMes)Ph2 (31P NMR δ : +33
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Figure 4-12: 31P{1H} NMR spectrum of the treatment of 5-O with MesN3 after 12 h showing
tentative assignments.
and −24 ppm) as well as a significant amount of byproducts, including some that are consistent
with P–P bond breaking reactivity (Fig. 4-13).
PPM 36 32 28 24 20 16 12 8 4 0 -4 -8 -12 -16 -20 -24 -28 -32
Figure 4-13: 31P{1H} NMR spectrum of the treatment of P2Ph4 with MesN3 after 12 h showing
tentative assignments.
4.8.13 Synthesis of molybdenum(II) complex (nppn)MoCl(CO)2(η3-C3H5) (16)
A dichloromethane solution (5 mL) of diiminodiphosphorane 5-(NMes)2 (84 mg, 0.17 mmol, 1.0
equiv) was added to a dichloromethane solution (5 mL) of MoCl(CO)2(η3-C3H5)(MeCN)2 (53
mg, 0.17 mmol, 1.0 equiv). After 30 min of stirring, a bright yellow solid had started precipitating
from the solution. After another 30 min, the mixture was layered with pentane (2 mL) and stored at
−35 ◦C overnight to yield bright yellow solids, which were collected on a fritted glass filter. After
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washing with Et2O (10 mL) and drying under reduced pressure, pale yellow solids were isolated
consisting of analytically pure (nppn)MoCl(CO)2(η3-C3H5) complex (112 mg, 0.155 mmol, 91%
yield). 1H NMR (CDCl3, 20 ◦C, 400.1 MHz) δ : 6.99 (br s, 4 H, m-Mes), 4.83 (t, 2 H, CHHallyl),
3.64 (m, 1 H, CHallyl), 2.69 (dd, 2 H, PCHH), 2.8–2.4 (vbrs, 14 H, o-Mes, PCHH), 2.31 (s, 6 H, p-
Mes), 2.06 (d, 2 H, PCHH), 1.77 (s, 6 H, CH3), 1.66 (s, 6 H, CH3), 0.62 (br s, 2 H, CHHallyl) ppm.
13C NMR (CDCl3, 20 ◦C, 125.8 MHz) δ : 227.8 (CO), 135–137 (vbr, o-Mes), 133.6 (i-Mes),
129.9 (m-Mes), 129.8 (o-Mes), 127.3 (p-Mes), 122.8 (C=C), 73.5 (CHallyl), ∼63 (vbr, CHallyl2 ),
29.3 (br d, CH2P), 24.3 (br, o-CH3), 23.2 (o-CH3), 21.0 (p-CH3), 20.7 (br, H3CC=CCH3), 20.0
(H3CC=CCH3) ppm. 31P{1H} NMR (CDCl3, 20 ◦C, 162.0 MHz) δ : +7.1 (br d, 1J = 180 Hz),
+5.6 (br d) ppm. Elemental analysis [%] found (and calcd. for MoC35H47ClP2N2O2): C 57.33
(58.29); H 6.03 (6.57); N 3.62 (3.88).
4.8.14 Synthesis of nickel(II) complex (nppn)NiCl2 (17)
A suspension of diiminodiphosphorane 5-(NMes)2 (79 mg, 0.16 mmol, 1.0 equiv) in dichlorome-
thane (5 mL) was added to a yellow suspension of NiCl2(dme) (35 mg, 0.16 mmol, 1.0 equiv) in
dichloromethane (5 mL). After 15 min, the color had changed slowly from yellow to an intense
turquoise color. After 1 h of stirring, the solution was filtered though a glass paper plug to yield
a deep blue filtrate and yellow solids. The filtrate was concentrated under reduced pressure (to
ca. 1 mL) and then diluted with Et2O (10 mL). The resulting blue solids were collected on a
fritted glass filter, washed with Et2O (5 mL) and dried to yield turquoise solids consisting of pure
paramagnetic complex (nppn)NiCl2 (77 mg, 0.12 mmol, 76% yield). 1H NMR (CDCl3, 20 ◦C,
400.1 MHz) δ : 42.5 (s, 6 H, p-Mes), 28.5 (br s, 12 H, o-Mes), 25.4 (s, 4 H, CHH), 22.5 (s, 4
H, CHH), 5.83 (br s, 4 H, m-Mes), 0.39 (s, 12 H, CH3) ppm. Elemental analysis [%] found (and
calcd. for NiCl2C30H42P2N2): C 58.23 (57.91); H 6.86 (6.80); N 4.64 (4.50).
4.8.15 Synthesis of nickel(II) complex [(nppn)Ni(η3-2-C3H4Me)][OTf] (18)
A solution of diiminodiphosphorane (98 mg, 0.20 mmol, 1.0 equiv) in dichloromethane (5 mL)
was added to a red suspension of [NiCl(2-C3H4Me)]2 (30 mg, 0.10 mmol, 0.5 equiv) in dichloro-
methane (2 mL). AgOTf (51 mg, 0.20 mmol, 1.0 equiv) was added to this mixture as a slurry in
dichloromethane (5 mL) leading to a color change from red to yellow-brown. After stirring for 1
h, the mixture was filtered though a pad of Celite© (to remove the AgCl by-product) and the solids
were washed with dichloromethane until a colorless filtrate was obtained. The yellow filtrate was
concentrated (to 5 mL), then pentane (1 mL) and diethyl ether (5 mL) were added. The resulting
mixture was stirred for 1 min after which the golden solids were collected on a fritted glass filter
and dried under reduced pressure to yield pure [(nppn)Ni(η3-2-C3H4Me)][OTf] complex (89 mg,
0.12 mmol, 59% yield). 1H NMR (CDCl3, 20 ◦C, 400.1 MHz) δ : 6.87 (s, 2 H, m-Mes), 6.85 (s, 2
H, m-Mes), 3.44 (d, 2JHH = 16 Hz, 2 H, PCHH), 3.27 (d, 2 H, PCHH), 2.86 (s, 4 H, PCHH), 2.66
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(s, 6 H, o-Mes), 2.40 (s, 6 H, o-Mes), 2.24 (s, 6 H, p-Mes), 2.13 (s, 3 H, CH3allyl), 1.86 (s, 6 H,
CH3), 1.81 (s, 6 H, CH3), 1.59 (s, 2 H, CH2allyl), 1.39 (s, 2 H, CH2allyl) ppm. 1H NMR (C6D6, 20
◦C, 500 MHz) δ : 6.86 (s, 2 H, m-Mes), 6.84 (s, 2 H, m-Mes), 3.26 (d, 16 Hz, 2 H, CH2), 2.86 (d, 2
H, CH2), 2.69 (s, 6 H, o-Mes), 2.44 (m, 4 H, CH2), 2.43 (s, 6 H, o-Mes), 2.19 (s, 6 H, p-Mes), 1.98
(s, 3 H, CH3allyl), 1.75 (s, 1 H, CH2allyl), 1.55 (s, 12 H, CH3), 1.41 (s, 1 H, CH2allyl). ppm 13C{1H}
NMR (C6D6, 20 ◦C, 125.8 MHz) δ : 141.8 (i-Mes), 135.0 (o-Mes), 133.8 (o-Mes), 133.4 (p-Mes),
129.8(m-Mes), 129.6 (m-Mes), 124.7 (C=C), 123.8 (CF3), ∼83 (vbr, CH0allyl), 54.8 (CH2allyl),
32.9 (br d, JCP = 18 Hz, CH2), 22.9 (o-CH3), 22.8 (CH
allyl
3 ), 22.7 (o-CH3), 20.8 (H3CC=CCH3),
20.7(p-CH3), 20.5 (H3CC=CCH3) ppm. 31P{1H} NMR (CDCl3, 20 ◦C, 162.0 MHz) δ : +25.2
(s) ppm. 19F NMR (CDCl3, 20 ◦C, 282.4 MHz) δ : −78.6 (s) ppm. Elemental analysis [%] found
(and calcd. for NiC35H49P2SN2O3F3): C 55.19 (55.64); H 5.91 (6.54); N 3.61 (3.71).
4.8.16 Generation of the molybdenum(VI) complex (nppn)MoO2Cl2
A solution of nppn (8.5 mg, 0.017 mmol, 1.0 equiv) was added to a slurry of MoO2Cl2(DMSO)2
(6.1 mg, 0.018 mmol, 1.0 equiv) in CDCl3. The mixture became clear and turned pale yellow
within minutes, yielding after 30 min a single clean product assigned as (nppn)MoO2Cl2. 1H NMR
(CDCl3, 20 ◦C, 400.1 MHz) δ : 6.88 (s, 4 H, m-Mes), 2.8 (m, 4 H, PCHH), 2.4 (m, 4 H, PCHH),
2.25 (s, 12 H, o-Mes), 2.09 (s, 6 H, p-Mes), 1.79 (s, 12 H, CH3) ppm. 31P{1H} NMR (CDCl3, 20
◦C, 162.0 MHz) δ : +13.7 (brd, 1J = 250 Hz), +9.8 (brd) ppm.
4.8.17 Generation of the palladium(II) complex [(nppn)Pd(η3-C3H5)][OTf]
A slurry of AgOTf (2.9 mg, 0.012 mmol, 1.0 equiv) in CDCl3 (0.5 mL) was added to a yellow
suspension of nppn (11 mg, 0.022 mmol, 1.0 equiv) and [PdCl(C3H5)]2 (4.4 mg, 0.011 mmol, 0.5
equiv) in CDCl3 (0.5 mL). The pale yellow solution was filtered through a glass paper plug to
remove the white solids before NMR analysis. 1H NMR (CDCl3, 20 ◦C, 400.1 MHz) δ : 6.84 (s,
4 H, m-Mes), 5.52 (m, 1 H, CH), 3.47 (m, 4 H, PCHH), 2.92 (d, 2JHH = 16 Hz, 4 H, PCHH), 2.62
(d, 3JHH = 16 Hz, 2 H, CHHallyl), 2.43 (s, 12 H, o-Mes), 2.35 (d, 3JHH = 12.0 Hz, 2 H, CH
allyl
3 ),
2.24 (s, 6 H, p-Mes), 1.82 (s, 12 H, CH3) ppm. 31P{1H} NMR (CDCl3, 20 ◦C, 162.0 MHz) δ :
+19.2 (s) ppm. 19F NMR (CDCl3, 20 ◦C, 282.4 MHz) δ : −78.6 (s) ppm.
4.8.18 Synthesis of the germanium(II) complex [(nppn)GeCl][Cl]
A THF solution (5 mL) of (1,4-dioxane)GeCl2 (49.6 mg, 0.214 mmol, 1.0 equiv) was added to
a suspension (5 mL) of nppn (105 mg, 0.214 mmol, 1.0 equiv) and the mixture was stirred for
5 min until it turned clear. Hexane (10 mL) was layered on top, and the mixture was stored at
−35 ◦C for 1 h, after which the bright white powder was collected on a fritted filter, dried and
wheighted to yield pure [(nppn)GeCl][Cl] (111.0 mg, 0.175 mmol, 82%). 1H NMR spectrum
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reveals significant broadening consistent with a rapid exchange of Cl− anions at the Ge(II) site.
1H NMR (CDCl3, 400 MHz) δ : 6.95 (s, 4 H, m-Mes), 3.67 (br s, 8 H, CH2), 2.47 (6 H, p-Mes),
2.28 (s, 12 H, o-Mes), 2.00 (s, 12 H, CH3) ppm. 13C NMR (CDCl3, 100 MHz): 137.6 (i-Mes),
136.3 (o-Mes), 130.8 (m-Mes), 129.6 (p-Mes), 128.9 (CH0CH2), 25.8 (o-Mes), 24.0 (br, CH2P),
20.9 (CH3-CCH2), 20.8 (p-Mes) ppm. 31P NMR (CDCl3, 162 MHz) +38.0 (s) ppm.
4.8.19 Synthesis of the tin(II) complex [(nppn)Sn(OTf)][OTf]
A DCM suspension (5 mL) of Sn(OTf)2 (82 mg, 0.20 mmol, 1.0 equiv) was added slowly to a
DCM suspension (5 mL) of nppn (98 mg, 0.20 mmol, 1.0 equiv). The resulting mixture was
stirred for 30 min, filtered trough a glass paper plug (to remove Sn oxide impurities), and the
filtrate was dried. The resulting residue was redissolved in DCM (3 mL), layered with hexane
(1 mL), and stored at −35 ◦C overnight. The X-ray quality crystals were isolated via filtration,
dried, and washed with hexane to yield a white powder consisting of pure [(nppn)Sn(OTf)][OTf]
(119 mg, 0.13 mmol, 66% yield). 1H NMR (CDCl3, 400 MHz) δ : 6.75 (s, 4 H, m-Mes), 3.21 (d,
15.5 Hz, 4 H, CHH), 3.13 (d, 4 H, CHH), 2.25 (s, 12 H, o-Mes), 2.12 (s, 6 H, p-Mes), 1.68 (s,
12 H, CH3) ppm. 13C NMR (CDCl3, 100 MHz): 137.0 (i-Mes), 135.7 (o- Mes), 132.3 (p-Mes),
130.9 (m-Mes), 125.7 (CH0CH2), 122.3 (CFSn3 ), 119.8 (CF
free
3 ), 32.5 (br, CH2), 23.1 (o-Mes), 20.9
(CH3CCH2), 20.7 (p-Mes) ppm. 31P NMR (CDCl3, 162 MHz) +31.5 (s) ppm.
4.8.20 Synthesis of the lead(II) complex (nppn)Pb(OTf)2
A DCM suspension (5 mL) of Pb(OTf)2 (95 mg, 0.19 mmol, 1.0 equiv) was added slowly to a
suspension (5 mL) of nppn (92 mg, 0.19 mmol, 1.0 equiv). During the addition, a slight coloration
to yellow was observed, which disappeared within minutes of stirring. After 30 mins, the mixture
was filtered through a glass paper plug (to remove Pb oxide), and the filtrate was dried. The
resulting residue was redissolved in DCM (2 mL), layered with hexane (0.5 mL), and stored at
−35 ◦C overnight. The resulting large crystals were isolated via filtration, dried, and washed with
hexane to yield a white powder consisting of pure (nppn)Pb(OTf)2 (78 mg, 0.08 mmol, 42% yield).
1H NMR (CDCl3, 400 MHz) δ : 6.97 (s, 4 H, m-Mes), 3.61 (d, 4 H, CHH), 2.97 (d, 4 H, CHH),
2.45 (s, 12 H, o-Mes), 2.31 (s, 6 H, p-Mes), 1.86 (s, 12 H, CH3) ppm. 31P NMR (CDCl3, 162
MHz) +18.5 (s) ppm.
4.8.21 Treatment of nppnwith PBr3 in the presence of cyclohexene
A solution of PBr3 (0.050 mL, 0.105 mmol, 1.0 equiv) and cyclohexene (0.010 mL, 0.49 mmol,
4.8 equiv) in DCM (3 mL) was added slowly to a stirring solution of nppn in DCM (3 mL). No
coloration was observed during the addition, and after 1.5 h the volatiles were removed under
vacuum, as the mixture turned pale yellow. The oily residue was taken in CDCl3 and 31P NMR
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spectroscopy indicated a complex reaction mixture that contained a 1:2 triplet–doublet pair at
+171 and −16 ppm (2JPP = 40 Hz) consistent with the formation of a {PNPPN} cycle.
4.8.22 Calorimetric measurements
Calorimetric measurements were performed entirely by Carl D. Hoff. In the glove box, a solution
of 0.0808 g of 5 (0.36 mmol) was dissolved in 6 mL C6D6 and 1 mL of this stock solution was
loaded into an NMR tube. The remaining 5 mL of solution were loaded into the Calvet calorimeter
cell with MesCNO (0.0189 g, 0.1172 mmol) as limiting reagent. The calorimeter cell was sealed,
taken from the glove box, and loaded into the Setaram C-80 calorimeter. Following temperature
equilibration, the reaction was initiated and the calorimeter rotated to achieve mixing. Following
return to baseline, the calorimeter cell was taken into the glove box, opened and 1 mL of the
solution loaded into an NMR tube. 31P NMR spectra of both the stock solution and calorimetry
solution were then acquired and the reaction was confirmed as quantitative. The sole product was
5-O and no detectable amount of 5-(O)2 was detected. The enthalpy of three measurements done
in this way led to ∆H =−78.1±1.9 kcal/mol based on the reaction:
5 (tol. sol.) + MesCNO (solid) ∆H−−→ 5-O (tol. sol.) + MesCN (tol. sol.) (4.5)
From these data, the enthalpy of solution of MesCNO in toluene (+4.3±0.1 kcal/mol) was sub-
tracted to give ∆Hrxn = −82.4± 2.0 kcal/mol with all species in toluene solution. Due to the
long reaction time of the second OAT reaction coupled with the low solubility of the product, the
enthalpy of formation of 5-(O)2 could not be measured.
Reactions of SSbPh3 and 5 were performed in a similar manner. In contrast to reaction
with MesCNO which showed with limiting MesCNO that only the mono-substituted product
was formed, even with SSbPh3 as limiting reagent small but detectable levels of the disubsti-
tuted product 5-(S)2 were identified. The average value for the first substitution (which included
traces of disubstituted product) was −20.4±0.5 kcal/mol. Due to its apparently greater solubility
in toluene, the enthalpy of conversion of 5-S to 5-(S)2 could be measured and was found to be
−21.7±0.6 kcal/mol. The difference in enthalpies of substitution 1.3±1.0 kcal/mol showed the
second enthalpy of sulfurization to be slightly more exothermic than the first. Due to this small
difference, no correction for the small amount of disubstituted product detected in the first sulfur-
ization was needed. In order to evaluate the bond strengths in solution, the enthalpy of solution of
SSbPh3 in toluene (+5.3± 0.5 kcal/mol) must be subtracted giving final enthalpies of sulfuriza-
tion of −25.7±1.0 kcal/mol for formation of 5-S from 5 and −27.0±1.1 kcal/mol for formation
of 5-(S)2 from 5-S.
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4.8.23 Computational details
Electronic structure calculations for thermodynamic values were carried out by Manuel Temprado
using the M05-2X43 density functional with the 6-311G(3df,2p) basis set as implemented in the
Gaussian 09 suite of programs.44 Minimum energy and transition state structures were optimized
by computing analytical energy gradients. The obtained stationary points were characterized by
performing energy second derivatives, confirming them as minima or first order saddle points by
the number of negative eigenvalues of the Hessian matrix of the energy (zero and one negative
eigenvalues respectively). Computed electronic energies were corrected for zero-point energy,
thermal energy, and entropic effects to obtain the corresponding thermodynamic property H0 and
G0. To derive binding energies, the basis set superposition error (BSSE) was computed using
counterpoise calculations.45 All structures were derived from the reported crystal structures of 5
and 5-(O)2 after truncating the CH3 groups to H.
Intrinsic reaction coordinate (IRC)46 calculations were done in order to describe the reaction
mechanisms for 2,6-Me2C6H3CNO and PhCNO with 5′ and 5′-O, providing the connection be-
tween the minimum energy points through the different transitions states. Further optimization
of the final points of the IRCs was done in order to obtain the real minimum energy structures.
Neither minima nor transition states could be located corresponding to a 1,3-cycloaddition of 2,6-
Me2C6H3CNO to the diphosphane 5′ via a concerted mechanism. Likewise, direct OAT from
RCNO to the diphosphane was found to be repulsive and did not lead to reaction. No transition
states were found to contain a 5-membered {P2ONC} ring presumably because of to the repulsion
between the lone pair electrons of the O atom and the unactivated P atom. The second OAT does
not involve a transition state containing a six-membered {POCNOP} cycle with the nitrile-oxide
C and O atoms binding to the oxo atom and the other P atom of the substrate, presumably due to
the repulsion between the lone pair electrons of the second P atom and the O atom of the nitrile
oxide.
Using a value of 52.3 kcal/mol for the N–O BDE in MesCNO,28 and 94 kcal/mol for the P–S
BDE in SPMe3,30 the computed reaction enthalpies below yielded the following E–P BDEs:
5 + MesCNO
∆H=−78.7 kcal/mol−−−−−−−−−−−→ 5-O + MesCN⇒ P–O in 5-O: 131.0 kcal/mol (4.6)
5-O + MesCNO
∆H=−72.5 kcal/mol−−−−−−−−−−−→ 5-(O)2 + MesCN⇒ P–O in 5-(O)2: 124.8 kcal/mol (4.7)
5 + SPMe3
∆H=+3.7 kcal/mol−−−−−−−−−−−→ 5-S + PMe3⇒ P–S in 5-S: 90 kcal/mol (4.8)
5-S + SPMe3
∆H=+8.9 kcal/mol−−−−−−−−−−−→ 5-(S)2 + PMe3⇒ P–S in 5-(S)2: 85 kcal/mol (4.9)
All the other computations were carried out within the Cummins group using ORCA 2.9 quan-
tum chemistry program package from the development team at the University of Bonn.47 The LDA
functional employed was that of Perdew (PW-LDA)48 while the GGA part was handled using the
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Table 4.5: Summary of selected computed distances for reactants, intermediates,
and products of the OAT reactions of 5′ with PhCNO
Distance R′ TS1′ Int1′ TS2′ Int2′ TS3′ P′
[A˚]a (R′′) (TS1′′) (Int1′′) (TS2′′) (Int2′′) (TS3′′) (P′′)
P–P 2.230 2.230 2.271 2.238 2.246 2.192 2.211
(2.211) (2.209) (2.286) (2.206) (2.269) (2.206) (2.229)
P–O 3.259 2.028 1.691 1.701 1.564 1.479
(3.136) (1.893) (1.730) (1.736) (1.555) (1.475)
P–CPh 2.250 1.828 2.003 1.981 2.364
(2.237) (1.862) (1.936) (1.958) (2.311)
CPh–N 1.151 1.207 1.288 1.266 1.266 1.225 1.145
(1.151) (1.208) (1.280) (1.262) (1.267) (1.219) (1.145)
N–O 1.198 1.236 1.320 1.422 1.418 1.706
(1.198) (1.240) (1.346) (1.409) (1.395) (1.749)
a calculated at the M05-2X/6-311G(3df,2p) level.
functionals of Becke and Perdew (BP86).49 In addition, all calculations were carried out using
the Zero-Order Regular Approximation (ZORA),50 in conjunction with the SARC-TZV basis set
hydrogen, SARC-TZV(2pf) set for metals, and SARC-TZV(p) set for all other atoms.51 Spin-
restricted Kohn–Sham determinants have been chosen to describe the closed-shell wavefunctions,
employing the RI approximation and the tight SCF convergence criteria provided by ORCA. The
structures were derived from the reported crystal structure of 5-(NMes)2 by removing one imine
group, and replacing the other as necessary. The CO stretching frequencies were obtained by
constructing a Ni(CO)3 fragment on the free phosphorus atom in MOLDEN52 For the open-shell
wavefunctions of [5]•+ and [5-O]•+ the B3LYP functional, 6-31G basis set, spin-unrestricted
Kohn–Sham determinants were used. The optimized structures were rendered using PLATON53
while the NBO distributions were computed using GENNBO.54 The coordinates for all optimized
structures are provided as appendices at the end of the manuscript.
4.8.24 X-ray crystallographic details
Diffraction quality crystals were obtained typically from saturated, hot solutions by allowing them
to slowly cool down to room temperature. Colorless crystals of 5-O, 5-(NMes)(NCPh3), and 5-
(NMes)2 were obtained from hot benzene; colorless crystals of 5-(S)2 and turquoise crystals of
17 from hot THF; colorless crystals of 5-(O)2 from hot DMSO. Yellow crystals of 16 were grown
from a chloroform solution which was allowed to slowly evaporate at room temperature. A color-
less crystal of 5-(O)3 was obtained by allowing a benzene solution of diphosphane 5 to age in an
NMR tube capped with a plastic cap. Low-temperature (100 K) data were collected on a Siemens
Platform three-circle diffractometer coupled to a Bruker-AXS Smart Apex CCD detector with
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graphite-monochromated Mo Kα radiation (λ = 0.71073 A˚) for the structure of disulfide 5-(S)2
and complex 17; on a Bruker-AXS X8 Kappa Duo diffractometer coupled to a Smart Apex2 CCD
detector with Mo Kα radiation (λ = 0.71073 A˚) for the structure of the trioxide 5-(O)3, the diimin-
odiphosphorane 5-(NMes)(NCPh3), and complex 16; on a Bruker D8 three-circle diffractometer
coupled to a Bruker-AXS Smart Apex CCD detector with graphite-monochromated Cu Kα radia-
tion (λ = 1.54178 A˚) for the structures of the oxides 5-O and 5-(O)2, and the complex 17 (φ - and
ω-scans). General refinement details have been described elsewhere.3,55 Reported structures were
rendered using PLATON.53 Specific details are provided in the text and tables below, and in the
form of .cif files available from the CCDC.56
The monoxide 5-O, disulfide 5-(S)2, and diiminodiphosphoranes 5-(NMes)(NCPh3) and 5-
(NMes)2 crystallized in the monoclinic space group P21/c, each with one molecule of the exo-
endo conformer per asymmetric unit. The dioxide 5-(O)2 crystallized in the orthorhombic space
group Pnma, with half of a molecule of the exo-exo conformer per asymmetric unit, and a sym-
metry plane containing the phosphorus and oxygen atoms. All these models contain no solvent,
no disorder, and no restraints.
The trioxide 5-(O)3 co-crystallized with an isomer of the dioxide 5-(O)2 in the triclinic space
group P1¯, with one molecule of exo-endo conformer per asymmetric unit. Only the central part
consisting of one P atom and the O atoms is disordered between the trioxide and the dioxide, while
the remaining atoms overlap between the two constituents. The hydrogen atoms of the CH2 groups
adjacent to the disordered P atom were each refined over two positions. Similarity restraints on
1–2 and 1–3 distances and displacement parameters as well as rigid bond restraints for anisotropic
displacement parameters were applied to the phosphorus and oxygen atoms. The ratio between
the two components of the disorder was refined freely, and the sum of the two occupancies for
each pair was constrained to unity.
The molybdenum complex 16 crystallized in monoclinic space group P21/n with one molecule
of complex and three molecules of CHCl3, while the nickel complex 17 crystallized in the or-
thorhombic space group P212121 with one molecule of complex and two molecules of THF. In
both cases, the complexes contained no disorders, but all solvent molecules required modeling
over two positions. The occupancy of each position was refined freely and their sums were re-
strained to unity. Similarity restraints on 1–2 and 1–3 distances and displacement parameters, as
well as rigid bond restraints for anisotropic displacement parameters were applied to the disor-
dered fragments.
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A.1 Structures of Niobium Anions
Table A.1: Coordinates for Coordinates for [PNb(NMePh)3]−
Nb 22.724576 12.240379 10.274072
P 21.040574 11.766795 11.64721
N 22.051601 13.735923 9.044776
N 24.278773 12.833818 11.471432
N 23.129323 10.506516 9.261651
C 23.716549 14.334454 7.325503
C 23.026645 14.631573 8.51605
C 23.291286 15.867964 9.144206
C 24.222687 16.762074 8.612802
C 24.917966 16.441963 7.437918
C 24.664801 15.221778 6.803185
C 20.678199 14.196451 8.815685
C 24.258156 13.218594 12.886687
C 22.708208 9.135304 9.566507
C 23.695826 10.627568 7.958557
C 22.878677 10.599792 6.807766
C 23.431754 10.683921 5.528389
C 24.819493 10.799928 5.365545
C 25.642062 10.825978 6.496301
C 25.088466 10.723598 7.777863
C 25.599055 12.610708 10.982313
C 26.229596 13.546562 10.140673
C 27.530258 13.329711 9.670746
C 28.243485 12.191722 10.060321
C 27.636838 11.260736 10.915731
C 26.332589 11.467653 11.368618
H 21.795195 10.5395 6.936963
H 25.252054 10.875929 4.365163
H 25.732284 10.72315 8.659484
H 22.202478 9.121257 10.538349
H 25.84864 10.726616 12.009634
H 29.260175 12.024518 9.696836
H 25.681162 14.445178 9.852609
H 23.218678 13.291093 13.225043
H 23.50516 13.390863 6.819087
H 25.655111 17.136274 7.027791
H 22.771848 16.103218 10.076408
H 19.981654 13.516762 9.318921
H 22.777128 10.670851 4.652825
H 26.725461 10.914922 6.381791
H 27.992753 14.063232 9.005345
H 28.180211 10.362194 11.220014
H 24.417891 17.708759 9.123484
H 25.199821 14.961623 5.886236
H 20.510396 15.219821 9.206165
H 20.43715 14.216124 7.733846
H 23.577267 8.448333 9.607495
H 22.011011 8.734574 8.80402
H 24.752827 14.198394 13.042267
H 24.782519 12.482623 13.52779
Table A.2: Coordinates for [P3Nb(NMePh)3]−
Nb 22.022692 10.257638 8.949895
P 24.330503 9.327099 9.558922
P 24.181969 11.540493 9.45644
P 23.28863 10.44558 11.169989
N 20.819883 11.837535 9.502604
N 22.448295 10.33736 6.935335
N 21.164459 8.453401 9.450555
C 20.833786 12.753329 10.642775
C 19.978973 12.33699 8.457002
C 18.677009 11.835093 8.277332
C 17.843311 12.346059 7.275182
C 18.290091 13.375349 6.44091
C 19.58351 13.889949 6.614022
C 20.416342 13.377707 7.610175
C 23.592277 10.836937 6.173524
C 19.733405 8.46599 9.494024
C 19.048175 8.786572 10.684788
C 17.65338 8.763735 10.737919
C 16.908862 8.416267 9.601226
C 17.576049 8.093438 8.41538
C 18.974869 8.112936 8.362941
C 21.608538 9.519064 6.113474
C 21.953615 8.180296 5.832732
C 21.154808 7.392572 5.001897
C 19.991604 7.92591 4.427843
C 19.63974 9.252637 4.695548
C 20.442357 10.043438 5.526451
C 21.692221 7.22296 10.038842
H 22.84804 7.762895 6.300721
H 19.364255 7.307991 3.780967
H 20.175593 11.082026 5.729014
H 24.24396 11.431241 6.826204
H 21.432815 13.758763 7.732782
H 17.64009 13.773289 5.658054
H 18.326571 11.04071 8.93813
H 21.513962 12.375088 11.41619
H 19.498881 7.851335 7.442094
H 15.817158 8.402806 9.641819
H 19.632022 9.079502 11.560295
H 22.789054 7.24727 10.031969
H 21.434892 6.354314 4.805509
H 18.733982 9.677754 4.255735
H 16.838244 11.936185 7.147716
H 19.945418 14.689468 5.962373
H 17.141622 9.025453 11.66768
H 17.005701 7.8241 7.522864
H 21.355098 7.084599 11.085086
H 21.360857 6.333531 9.468062
H 23.26316 11.479697 5.333628
H 24.1937 10.014317 5.738866
H 21.167215 13.770134 10.356097
H 19.824054 12.853126 11.086741
Table A.3: Coordinates for P2
P 0 0 −0.012206
P 0 0 1.907206
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Table A.4: Coordinates for P4
P 8.568081 0.697478 0.63329
P 7.410031 0.432399 2.526561
P 6.371168 0.293787 0.552374
P 7.118286 2.268514 1.285821
Table A.5: Coordinates for [(PhMeN)(P5)Nb(NMePh)2]−
Nb 13.846075 4.172513 30.068515
P 16.683737 4.06987 28.163037
P 15.117961 5.614874 28.181014
P 13.148202 4.716217 27.693624
P 13.468308 2.536382 28.145301
P 15.492153 2.404818 29.030535
N 17.213846 3.709633 26.493638
N 13.451687 6.00293 30.957093
N 13.355841 2.897554 31.650177
C 19.593411 4.048065 27.013334
C 18.570974 3.458815 26.22735
C 18.973042 2.639436 25.144609
C 20.328129 2.425286 24.869257
C 21.325455 3.005251 25.65761
C 20.938543 3.818293 26.73323
C 16.223419 3.260688 25.515248
C 15.560134 5.246831 31.744177
C 14.351863 5.96422 31.999307
C 14.122819 6.439027 33.318645
C 15.051551 6.177506 34.321977
C 16.212035 5.419863 34.071579
C 16.461222 4.961069 32.777678
C 12.327391 6.921736 30.993982
C 14.174994 2.258639 32.668196
C 12.03845 3.189397 31.940676
C 11.199981 3.556927 30.847743
C 9.910625 4.054989 31.059143
C 9.391327 4.143503 32.353523
C 10.182961 3.720588 33.436186
C 11.484918 3.262196 33.248766
H 19.318578 4.699727 27.843908
H 21.697728 4.293453 27.35988
H 22.381391 2.833559 25.439315
H 20.599759 1.785673 24.025296
H 18.227057 2.152944 24.516981
H 15.248558 3.687903 25.778294
H 16.494432 3.609387 24.506317
H 16.115278 2.161945 25.491532
H 12.086508 2.972007 34.111115
H 9.775355 3.761637 34.45015
H 8.373601 4.502961 32.520497
H 9.296395 4.3325 30.199019
H 11.525782 3.30957 29.826716
H 15.141963 1.992503 32.224076
H 14.375949 2.915429 33.533743
H 13.699049 1.335334 33.044404
H 15.896745 5.134379 30.6949
H 17.380833 4.416459 32.551733
H 16.925708 5.2259 34.87477
H 14.866405 6.558212 35.330069
H 13.215109 6.999796 33.546449
H 11.815046 6.888612 30.024808
H 11.588713 6.653209 31.770617
H 12.659968 7.958016 31.180353
Table A.6: Coordinates for a first intermediate
Nb 22.718992 12.268485 9.822234
P 20.266371 11.941734 9.71406
P 20.928228 12.60157 11.601282
P 20.137363 11.994575 13.765872
P 18.174815 12.860991 13.301573
P 19.930229 14.149807 13.145145
C 23.232616 15.751924 9.968936
C 23.138991 15.185115 8.673383
C 23.253865 16.060705 7.565967
C 23.472762 17.428901 7.754745
C 23.580168 17.971107 9.039324
C 23.453813 17.115471 10.143838
N 22.932012 13.814853 8.523526
C 22.477762 13.339351 7.214108
N 23.270663 10.385144 9.230007
C 22.770153 9.340744 10.125848
C 23.926722 9.978032 8.069582
C 24.770207 10.882395 7.376673
C 25.421083 10.507724 6.204458
C 25.275389 9.213494 5.683387
C 24.46391 8.301973 6.367191
C 23.798725 8.66929 7.540679
N 24.069608 12.653981 11.281307
C 24.081032 12.944393 12.715914
C 25.408048 12.486567 10.768946
C 26.062579 11.24399 10.86165
C 27.385324 11.10108 10.43902
C 28.077567 12.195773 9.906049
C 27.435391 13.434029 9.803746
C 26.114784 13.581624 10.240177
H 23.163863 7.937244 8.04109
H 25.794067 8.920149 4.768373
H 24.934762 11.879336 7.793363
H 22.481502 9.790374 11.087977
H 25.517183 10.389885 11.267781
H 29.110821 12.081968 9.570713
H 25.61463 14.549185 10.169411
H 23.053489 13.032625 13.087837
H 23.180745 15.673427 6.549306
H 23.743296 19.041461 9.180336
H 23.118152 15.097666 10.834903
H 22.227314 12.263226 7.272373
H 24.339967 7.2857 5.983743
H 26.068741 11.229259 5.699953
H 27.965218 14.294536 9.388247
H 27.877439 10.129163 10.520067
H 23.513571 17.518999 11.157698
H 23.560294 18.076908 6.878714
H 21.563485 13.861304 6.883953
H 23.256285 13.430504 6.439243
H 23.548235 8.58522 10.332266
H 21.870584 8.836531 9.729684
H 24.6095 13.892532 12.924781
H 24.594643 12.148334 13.285498
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Table A.7: Coordinates for a second intermediate
Nb −1.94157 2.564012 3.719664
P −0.45606 2.481698 7.569125
P 0.369081 4.362342 6.711039
P 1.224379 2.360462 6.016834
P −1.696292 3.689394 6.136974
P 0.307842 1.832144 4.075938
N −2.250791 4.502576 3.044215
N −1.663567 1.797611 1.790441
N −3.244481 1.246153 4.54615
C −1.904838 0.465015 1.394333
C −0.702686 2.504362 0.934172
C −2.821331 −0.087171 5.008625
C −4.632581 1.492444 4.590853
C −3.323072 4.938828 2.252955
C −1.247486 5.527148 3.368429
H 0.344305 2.249625 1.182309
H −0.815909 3.585908 1.086831
H −0.881355 2.27562 −0.12988
H −1.648211 6.29882 4.049541
H −0.879552 6.026798 2.455665
H −0.392833 5.057921 3.86647
H −3.359536 −0.36963 5.928502
H −1.745522 −0.071118 5.208722
H −3.010849 −0.855579 4.239436
C −0.913436 −0.328094 0.768252
C −1.192472 −1.633334 0.354176
C −3.185564 −0.107681 1.566105
C −3.457519 −1.411398 1.150593
C −2.464024 −2.187311 0.538711
C −5.098041 2.819389 4.731317
C −5.592692 0.457865 4.503954
C −6.462509 3.103189 4.753832
C −6.958212 0.751289 4.538495
C −7.404755 2.072404 4.655595
C −4.232764 3.999874 1.704258
C −3.545961 6.305211 1.945958
C −4.616018 6.696659 1.13498
C −5.289946 4.398415 0.892512
C −5.497907 5.753652 0.598886
H −2.884761 7.074591 2.34301
H −4.756519 7.759811 0.922332
H −6.3286 6.064974 −0.037845
H −5.962575 3.639422 0.485387
H −4.086959 2.939073 1.910462
H 0.089691 0.073941 0.623153
H −0.402955 −2.222927 −0.119033
H −2.680002 −3.205132 0.207081
H −4.463014 −1.817888 1.285747
H −3.975986 0.493379 2.01882
H −8.473376 2.294203 4.690087
H −6.791584 4.138372 4.866698
H −7.680337 −0.066094 4.46954
H −5.272208 −0.578984 4.401118
H −4.374443 3.62796 4.870844
Table A.8: Coordinates for a third intermediate
Nb −2.961214 −0.577204 −0.813943
P −2.188776 1.562942 0.420599
P −1.677217 1.934399 −1.678615
P −0.69438 0.184109 −2.372892
P −0.161046 −1.122227 −0.775921
P −1.160759 −0.293493 1.02989
N −3.47223 −2.333344 0.091136
N −3.104736 −1.265348 −2.860976
N −4.999756 0.086764 −0.712439
C −2.919948 −6.493815 −0.61303
C −4.208787 −5.952143 −0.52667
C −4.389481 −4.58506 −0.305014
C −3.281858 −3.722034 −0.179334
C −1.992714 −4.280003 −0.246931
C −1.814396 −5.64925 −0.47019
C −3.650401 −0.574922 −3.946857
C −4.25703 0.69765 −3.775133
C −4.810486 1.39579 −4.846251
C −4.785396 0.870062 −6.144447
C −4.196222 −0.384056 −6.339081
C −3.636798 −1.093243 −5.273481
C −4.034202 −2.141597 1.440015
C −6.130109 −0.709477 −0.95579
C −7.422545 −0.376209 −0.456074
C −8.535323 −1.183862 −0.70511
C −8.425165 −2.347057 −1.474018
C −5.365174 1.450112 −0.289742
C −2.46277 −2.531021 −3.221883
C −6.041345 −1.904696 −1.714242
C −7.16267 −2.688691 −1.977722
H −3.199097 −3.265709 −3.596664
H −1.685519 −2.401944 −3.996803
H −1.985607 −2.96492 −2.341701
H −6.205426 1.840741 −0.889403
H −5.659514 1.503516 0.775189
H −4.520619 2.12907 −0.423437
H −4.315164 −1.090954 1.59396
H −3.289933 −2.410611 2.21201
H −4.935053 −2.759348 1.589872
H −4.317941 1.122257 −2.777736
H −3.197021 −2.066888 −5.482562
H −4.166151 −0.825117 −7.339448
H −5.219107 1.421475 −6.981578
H −5.269378 2.370799 −4.66087
H −1.130038 −3.620623 −0.135433
H −0.801791 −6.056865 −0.524417
H −2.780565 −7.563278 −0.786426
H −5.082788 −6.598854 −0.638905
H −5.395742 −4.16674 −0.253793
H −9.299697 −2.968211 −1.680537
H −7.046398 −3.586691 −2.591144
H −5.081406 −2.179735 −2.142902
H −7.563821 0.512493 0.157447
H −9.504125 −0.890531 −0.290482
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A.2 Structures of Diphosphane Conformers
A.2.1 Optimized structures of cationic radicals [5]•+ and [5-O]•+
Table A.9: Cartesian coordinates for [5]•+
P 3.211684 17.126340 2.977795
P 1.724957 15.744345 3.851412
C 2.342195 18.029681 1.594957
C 1.638387 16.979779 0.739267
C 0.670743 16.208631 1.292674
C −0.092972 15.120023 0.582193
C 2.116135 16.918311 −0.689051
C 3.752276 18.237208 4.399716
C 2.496470 18.936795 4.834266
C 1.475731 18.216628 5.400378
C 0.247540 18.829407 6.012406
C 1.535000 16.703290 5.477121
C 2.471017 20.422428 4.571450
C 0.305428 16.392500 2.750590
H 2.780854 20.638123 3.540413
H 4.530052 18.925098 4.059900
H 4.186503 17.565862 5.147642
H 3.189239 20.937796 5.223498
H 0.237875 19.919237 5.995804
H 0.161421 18.509686 7.060383
H 2.370001 16.378301 6.116371
H 0.636279 16.300712 5.958458
H 1.653699 18.769146 2.022553
H 3.098620 18.569900 1.017450
H 1.921939 17.871433 −1.199467
H 3.201122 16.753202 −0.731215
H 1.637215 16.129192 −1.269298
H −0.575033 15.796216 3.009759
H 0.097172 17.437673 3.007461
H −1.162690 15.365040 0.546279
H −0.004287 14.172010 1.129624
H 0.243818 14.946653 −0.440266
H 1.489840 20.873910 4.721056
H −0.658938 18.463424 5.509664
Table A.10: Cartesian coordinates for [5-O]•+
P 1.884026 19.744839 4.104606
P 2.780986 19.813893 2.050397
O 2.638864 20.425005 5.205045
C 2.546883 17.948113 1.684936
C 1.231234 20.561915 1.211550
C 0.133183 20.393280 3.868845
C 1.662578 17.884255 4.381860
C 2.933234 17.203696 4.037411
C 3.342852 17.187873 2.701298
C 4.580177 16.509994 2.204986
C 3.733013 16.677597 5.186704
C −0.083506 19.877841 1.445528
C −0.605388 19.781931 2.720137
C −0.760924 19.353675 0.209405
C −1.914090 19.121860 3.063867
H −0.065091 18.753932 −0.391438
H 1.458423 20.633393 0.143753
H 1.224766 21.593587 1.5928410
H −1.061243 20.197548 −0.428526
H −2.323032 18.502826 2.264919
H −2.662720 19.890053 3.306785
H 0.3085040 21.469780 3.730731
H −0.391826 20.273114 4.821590
H 1.478756 17.696063 1.711488
H 2.920218 17.760633 0.674239
H 4.318313 15.810855 1.398375
H 5.259174 17.249921 1.755946
H 5.128219 15.961504 2.970009
H 1.374467 17.742423 5.427035
H 0.825399 17.605227 3.727061
H 3.157336 15.923003 5.740143
H 3.918723 17.500894 5.893640
H 4.693449 16.247424 4.906056
H −1.650261 18.754975 0.406138
H −1.814736 18.501080 3.962802
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A.2.2 Intermediates for the conversions of diphosphanes from exo-exo to exo-endo
conformers
Table A.11: Cartesian coordinates for the exo-exo conformer of 5′
P 0.000001 1.120141 −0.661586
P 0.000002 −1.120143 −0.661582
C 2.648072 −0.664184 0.041403
C 2.648073 0.664181 0.041398
C −1.448639 1.429628 0.501627
C −1.448642 −1.429628 0.501628
H −1.635957 2.499173 0.516008
H −1.635963 −2.499172 0.516007
H 1.63596 2.499174 0.516004
C 1.44864 1.42963 0.501628
H 1.635955 −2.499171 0.516023
C 1.448637 −1.429626 0.501638
H 1.156545 1.12197 1.506453
H 1.156541 −1.121958 1.50646
C −2.648072 0.664184 0.041391
C −2.648073 −0.664181 0.04139
H −1.156547 1.121964 1.506451
H −1.156551 −1.121965 1.506452
H 3.50691 −1.210034 −0.318726
H 3.506912 1.210027 −0.318735
H −3.506911 −1.210028 −0.318744
H −3.506909 1.210033 −0.318744
E0 = −994.83403 Ha
H298 = −994.63940 Ha
S298 = 96.4 cal·mol−1·K−1
Table A.12: Cartesian coordinates for the endo-exo conformer 5′
P −0.058228 −1.115146 −0.936413
P −0.058225 1.115145 −0.936415
H 2.344927 −1.199062 −1.008224
H 2.344932 1.199086 −1.008210
C −2.434412 0.664377 0.413664
C −2.434410 −0.664380 0.413668
C 1.64961 −1.442360 −0.204336
C 1.649605 1.442366 −0.204324
H 1.718371 −2.514579 −0.038920
H 1.718351 2.514584 −0.038897
H −1.335666 −2.500132 0.610921
C −1.159119 −1.429868 0.559624
H −1.335674 2.500133 0.610907
C −1.159123 1.429869 0.559616
H −0.620109 −1.121157 1.45307
H −0.620114 1.121165 1.453064
C 1.944615 −0.664782 1.032604
C 1.944613 0.664779 1.03261
H −3.354467 1.209496 0.266734
H −3.354463 −1.209504 0.266742
H 2.116214 −1.203637 1.953233
H 2.11621 1.203627 1.953244
E0 = −994.83801 Ha
H298 = −994.64345 Ha
S298 = 95.1 cal·mol−1·K−1
Table A.13: Cartesian coordinates for TS1 (endo-exo-5′→ exo-exo-5′)
P −0.192312 1.131284 −0.882513
P 0.081874 −1.042628 −0.937376
C 2.355902 −0.396769 0.645196
C 1.914557 0.748144 1.148181
C −1.872006 1.23574 −0.039823
C −0.576180 −1.485425 0.750621
H −2.520505 1.756391 −0.741065
H −0.411633 −2.546988 0.919551
C 0.99017 1.717516 0.474927
C 1.93735 −0.978971 −0.666479
C −2.576867 −0.008145 0.417248
C −2.040397 −1.170115 0.767783
H −1.741880 1.916718 0.802484
H −0.034931 −0.930766 1.51226
H −2.711057 −1.964595 1.062697
H −3.654965 0.078045 0.463037
H 1.592702 2.480892 −0.018015
H 2.321867 −0.401434 −1.508978
H 2.265504 1.042807 2.128734
H 3.033994 −0.987038 1.246243
H 2.320708 −1.989220 −0.779421
H 0.401584 2.243496 1.224877
E0 = −994.82755 Ha
H298 = −994.63410 Ha
S298 = 94.9 cal·mol−1·K−1
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Table A.14: Cartesian coordinates of Int (endo-exo-5′→ exo-exo-5′)
P 0.196632 −1.075434 −0.897765
P −0.196649 1.075441 −0.897829
C −2.502870 −0.056743 0.454107
C −1.855471 −1.071292 1.015196
C 2.018372 −0.950421 −0.551860
C 0.433476 1.506298 0.796219
H 2.510565 −0.775673 −1.509720
H 0.379034 2.590242 0.890603
H −0.378655 −2.590068 0.890921
C −0.433341 −1.506172 0.796245
C −2.018392 0.950489 −0.551739
H 0.221115 −1.090340 1.563439
C 2.502839 0.056703 0.454023
C 1.85545 1.071101 1.015369
H 2.337078 −1.945827 −0.237415
H −0.221301 1.090869 1.563338
H −3.535676 0.079573 0.751645
H −2.413028 −1.668301 1.725125
H 2.412983 1.667849 1.725516
H 3.53559 −0.079784 0.751692
H −2.337018 1.945886 −0.237117
H −2.510803 0.775693 −1.509475
E0 = −994.83585 Ha
H298 = −994.64160 Ha
S298 = 96.2 cal·mol−1·K−1
Table A.15: Cartesian coordinates of TS2 (endo-exo-5′→ exo-exo-5′)
P 0.013932 −1.100073 −0.759944
P −0.013996 1.100034 −0.760051
C −2.697955 0.274072 0.132515
C −2.370936 −0.936659 0.566073
C 1.767582 −1.418147 −0.141373
C 0.968361 1.396669 0.803967
H 2.228925 −2.079122 −0.870599
H 0.942407 2.463034 1.015029
C −0.968308 −1.396484 0.804201
C −1.767566 1.418123 −0.141180
C 2.697946 −0.274149 0.132625
C 2.37096 0.936624 0.566081
H 1.636442 −2.012756 0.764951
H 0.503511 0.88352 1.644816
H 3.162882 1.656782 0.714207
H 3.745849 −0.483050 −0.037582
H −0.942225 −2.462789 1.015542
H −2.228924 2.079386 −0.870129
H −3.162782 −1.656946 0.713969
H −3.745827 0.48287 −0.037994
H −1.636266 2.012388 0.765345
H −0.503534 −0.883037 1.644907
E0 = −994.82951 Ha
H298 = −994.63592 Ha
S298 = 94.1 cal·mol−1·K−1
Table A.16: Cartesian coordinates of the exo-exo conformer of 5′-O
H −1.237592 −0.707285 1.850425
H −1.620799 −2.227955 1.031349
C −1.465955 −1.162450 0.885274
C −2.645743 −0.497402 0.238389
H −1.179607 1.544939 1.38065
C −2.639582 0.806378 −0.010826
H 1.620821 −2.227974 1.031291
C −1.455028 1.660232 0.331558
H −1.656342 2.711413 0.15046
C 1.465971 −1.162466 0.885249
P 0 −0.982190 −0.202071
C 1.455019 1.660228 0.331576
H 1.656325 2.711414 0.150497
O −0.000015 −1.917726 −1.347271
P 0.000001 1.161837 −0.750328
C 2.63958 0.806388 −0.010820
C 2.645751 −0.497395 0.238373
H 1.237618 −0.707331 1.850417
H 1.179593 1.544914 1.380664
H 3.483033 1.268208 −0.500936
H 3.489267 −1.106239 −0.046190
H −3.489253 −1.106258 −0.046166
H −3.483038 1.268183 −0.500951
E0 = −1070.11643 Ha
H298 = −1069.91678 Ha
S298 = 101.3 cal·mol−1·K−1
Table A.17: Cartesian coordinates of endo-exo conformer of 5′-O
H 0.660018 0.462688 1.915118
H 1.52179 1.921064 1.394306
C 1.238941 0.911645 1.107597
C 2.426239 0.067308 0.748265
H 0.363993 −1.714573 1.204799
C −2.027594 0.369286 1.220212
C 2.275792 −1.196932 0.372268
H −1.438123 2.415814 0.839106
C −2.152320 −0.881874 0.794332
C 0.91814 −1.825628 0.274387
H 0.984867 −2.882341 0.03427
C −1.517945 1.459142 0.328571
P 0.141342 1.077847 −0.351634
H −2.153073 1.608669 −0.546245
C −1.807167 −1.296274 −0.602856
H −1.996450 −2.354371 −0.763568
O 0.606116 2.077371 −1.338301
P −0.025393 −0.989310 −1.119427
H −2.413640 −0.757140 −1.332163
H 3.135929 −1.781682 0.083057
H 3.405011 0.519496 0.769566
H −2.506113 −1.642128 1.476036
H −2.276904 0.617445 2.241379
E0 = −1070.12012 Ha
H298 = −1069.92038 Ha
S298 = 99.4 cal·mol−1·K−1
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Table A.18: Cartesian coordinates of the exo-exo conformer of dioxide 5′-O2
O 1.787173 −1.575142 0
O −1.786911 −1.575175 0
P 1.114872 −0.262614 0
P −1.114533 −0.262577 0
C −0.663871 0.222265 2.631258
C −0.663871 0.222265 −2.631258
C 0.663233 0.222385 2.63162
C 0.663233 0.222385 −2.631620
H 2.525219 0.730518 1.65346
H 2.525219 0.730518 −1.653460
H −2.525215 0.73081 1.65255
H −2.525215 0.73081 −1.652550
C 1.454261 0.769043 −1.473617
C 1.454261 0.769043 1.473617
C −1.454161 0.76924 −1.473125
C −1.454161 0.76924 1.473125
H 1.176814 1.801435 1.253453
H 1.176814 1.801435 −1.253453
H −1.176242 1.801471 1.252775
H −1.176242 1.801471 −1.252775
H 1.204624 −0.210387 3.45755
H −1.205567 −0.211241 3.456666
H 1.204624 −0.210387 −3.457550
H −1.205567 −0.211241 −3.456666
E0 = −1145.38665 Ha
H298 = −1145.18203 Ha
S298 = 105.6 cal·mol−1·K−1
Table A.19: Cartesian coordinates of the endo-exo conformer of dioxide 5′-O2
P 0.044518 −1.114344 0.519165
C −1.696948 1.488436 0.106954
C 1.023646 1.460443 −0.986549
C −1.696947 −1.488436 0.106954
H −1.767198 −2.555927 −0.085575
H −2.260417 −1.283026 1.018628
C −2.178706 −0.664169 −1.051687
C −2.178706 0.664168 −1.051687
C 2.298598 0.663422 −0.913249
C 2.298598 −0.663422 −0.913249
C 1.023646 −1.460443 −0.986549
H 1.212204 −2.530740 −1.000538
H 0.430933 −1.193283 −1.861573
H −2.260417 1.283027 1.018627
H −1.767198 2.555927 −0.085577
H 0.430933 1.193283 −1.861572
H 1.212204 2.53074 −1.000537
P 0.044518 1.114344 0.519165
O 0.542227 −1.768702 1.743942
O 0.542226 1.768702 1.743942
H −2.527958 −1.188533 −1.929022
H 3.227314 1.202212 −0.813744
H 3.227314 −1.202212 −0.813744
H −2.527958 1.188532 −1.929022
E0 = −1145.39188 Ha
H298 = −1145.18692 Ha
S298 = 104.0 cal·mol−1·K−1
Table A.20: Cartesian coordinates of the 5′ exo-exo conformer of trioxide 5′-O3
O −0.240646 −2.526714 −1.272328
O 0.240684 2.526742 −1.272284
O −0.000028 0.000013 −0.902256
C 1.805329 1.29906 0.667056
C 1.11312 −1.567931 0.951671
P −0.238509 −1.463884 −0.269735
P 0.238509 1.463889 −0.269698
C −1.805283 −1.299092 0.66713
C −1.113193 1.568011 0.951641
C −2.694367 −0.183984 0.187217
C −2.396608 1.100128 0.329908
H −2.294881 −2.263635 0.570015
H −1.167847 2.602187 1.280881
H −0.846968 0.950241 1.810676
H −1.551637 −1.162222 1.719066
H −3.611193 −0.463045 −0.308075
H −3.067293 1.852263 −0.054777
C 2.396598 −1.100204 0.32995
C 2.694408 0.183885 0.187257
H 1.167687 −2.602003 1.281184
H 0.846873 −0.949944 1.810538
H 3.067214 −1.852392 −0.054742
H 3.611227 0.462911 −0.308074
H 2.294914 2.263576 0.569712
H 1.551793 1.162431 1.719043
E0 = −1220.71109 Ha
H298 = −1220.49974 Ha
S298 = 105.6 cal·mol−1·K−1
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Table A.21: Cartesian coordinates of the 5′ endo-exo conformer of trioxide 5′-O3
H −1.271271 2.239588 −0.955288
O 2.51719 −0.441865 −1.448835
H 1.272938 2.23908 −0.955126
O −2.517340 −0.440681 −1.448840
O 0.000007 −0.159034 −1.046376
C −1.558109 1.729467 −0.034077
C 1.559195 1.72864 −0.033903
H 2.59479 1.981922 0.173783
P 1.505018 −0.034381 −0.477320
P −1.505039 −0.033609 −0.477295
C −0.663832 2.086832 1.117283
C 0.664988 2.086532 1.11733
C 1.477327 −1.034246 1.048015
C −1.478163 −1.033701 1.047917
C 0.66242 −2.281969 0.850255
C −0.663628 −2.281725 0.850203
H 2.515723 −1.262318 1.271236
H −2.516783 −1.261587 1.270319
H −1.075730 −0.424883 1.855262
H 1.074517 −0.424947 1.854817
H −1.161760 2.341634 2.042209
H 1.162924 2.341143 2.042305
H −2.593535 1.983499 0.173379
H 1.195877 −3.200033 0.660323
H −1.197418 −3.199594 0.66027
E0 = −1220.71774 Ha
H298 = −1220.50641 Ha
S298 = 104.9 cal·mol−1·K−1
A.2.3 Conversion of 5′ into the meso isomer
Table A.22: Cartesian coordinates of meso-5′
H 1.245524 −1.924938 −1.107278
H −1.282438 −1.928193 −1.058325
H 1.732873 2.519574 −0.535739
P −0.015259 0.81944 −0.720081
H −1.758854 2.515064 −0.468220
C 2.651116 −0.661467 −0.080862
C 1.482557 −1.620355 −0.086840
C −2.650492 −0.668284 0.021524
C 2.650492 0.668284 −0.021524
C 1.480561 1.624123 0.029402
C −2.651116 0.661467 0.080862
C −1.480561 −1.624123 −0.029402
C −1.482557 1.620355 0.08684
H 1.758854 −2.515064 0.46822
H −1.732873 −2.519574 0.535739
P 0.015259 −0.819440 0.720081
H 1.282438 1.928193 1.058325
H −1.245524 1.924938 1.107278
H 3.621362 1.14641 −0.018560
H 3.622491 −1.137042 −0.120380
H −3.621362 −1.146410 0.01856
H −3.622491 1.137042 0.12038
E0 = −994.82843 Ha
H298 = −994.63438 Ha
S298 = 96.6 cal·mol−1·K−1
Table A.23: Cartesian coordinates of TS (exo-exo-5′→ meso-5′)
P 0.00002 0.923642 −0.099613
P −0.000023 −1.136904 −0.681676
H −1.821767 2.493776 −0.589067
H −1.717618 −2.572576 0.306926
C 2.646744 −0.664429 0.097119
C 2.718053 0.659007 −0.019061
C −1.639422 1.701824 0.13336
C −1.455714 −1.524311 0.435193
H −1.706083 2.138563 1.129695
H −1.139890 −1.365148 1.464446
H 1.821877 2.493588 −0.589536
C 1.639485 1.701826 0.133091
H 1.717551 −2.572618 0.306873
C 1.455643 −1.524361 0.435209
H 1.706149 2.138826 1.129314
H 1.139783 −1.365268 1.46446
C −2.718023 0.65907 −0.019072
C −2.646770 −0.664381 0.096969
H 3.570228 −1.201944 −0.068913
H 3.687409 1.074005 −0.261164
H −3.687329 1.074126 −0.261269
H −3.570231 −1.201870 −0.069274
E0 = −994.76856 Ha
H298 = −994.57502 Ha
S298 = 95.7 cal·mol−1·K−1
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A.3 Structures of Functionalized Diphosphanes
A.3.1 Optimized structures of chalcogenides 5-Ex
Table A.24: Cartesian coordinates for 5-O
H 3.300121 −0.394509 2.366258
H 2.082914 −1.661563 2.240011
H −3.38139 −1.560631 2.049754
C 2.870766 −1.132825 1.700623
H 3.639133 −1.870437 1.468124
H 3.323875 1.530878 1.857964
H −0.142327 −0.592019 1.629603
H −1.027024 −2.089294 1.286457
C −3.384271 −1.120378 1.052401
H −4.301529 −0.558009 0.930526
H 2.177358 2.618191 1.079119
H −3.239714 2.748354 0.948618
C 2.9344 1.852825 0.900263
C −0.855006 −1.06654 0.95684
C −2.149106 −0.297359 0.847508
H −0.049033 1.460571 1.036316
H −3.384634 −1.94212 0.335674
H 3.741263 2.335419 0.347736
C 2.320394 −0.550314 0.431593
H −4.233699 1.389863 0.426918
C −2.101764 0.994911 0.510657
C −3.283657 1.887974 0.280372
H 1.708146 −2.560949 −0.073147
C 2.346876 0.73896 0.083569
C −0.764889 1.638413 0.236615
H −0.877346 2.711938 0.105209
C 1.652191 −1.551127 −0.475913
H −3.254962 2.274025 −0.739744
P −0.121535 −1.172548 −0.715146
H 2.086732 −1.576918 −1.476249
C 1.73485 1.184658 −1.219197
H 1.921224 2.24342 −1.388279
O −0.824302 −2.129503 −1.600741
P −0.117721 0.93245 −1.377406
H 2.169444 0.656076 −2.068647
Table A.25: Cartesian coordinates for 5-O2
P 0.092928 −1.110195 0.842562
C −1.701146 1.440601 0.830177
C 0.736607 1.416994 −0.838049
C −1.701141 −1.440621 0.830149
H −1.841388 −2.513544 0.715633
H −2.061098 −1.171288 1.824062
C −2.39229 −0.66845 −0.270079
C −3.017141 −1.540298 −1.319709
H −3.785926 −2.167068 −0.86734
H −2.267363 −2.216502 −1.733717
H −3.464463 −0.988768 −2.136472
C −3.017178 1.540315 −1.31966
H −3.464621 0.988794 −2.136363
H −2.26739 2.216456 −1.733755
H −3.785875 2.167151 −0.867234
C −2.392302 0.668449 −0.270059
C 2.050908 0.668202 −0.931161
C 3.260727 1.551275 −0.898223
H 4.193109 1.002775 −0.936305
H 3.241895 2.138519 0.020484
H 3.237125 2.250894 −1.734024
C 3.26074 −1.551236 −0.898209
H 4.19312 −1.002718 −0.936096
H 3.237248 −2.250746 −1.734104
H 3.24181 −2.138598 0.020421
C 2.050916 −0.668172 −0.931159
C 0.736621 −1.416978 −0.838069
H 0.889503 −2.489984 −0.935156
H 0.010041 −1.093487 −1.581075
H −2.061103 1.171261 1.824089
H −1.841383 2.513527 0.715674
H 0.010027 1.093522 −1.581063
H 0.889482 2.490005 −0.9351
P 0.092923 1.11017 0.84258
O 0.853599 −1.790085 1.910901
O 0.853597 1.790046 1.910926
173
CHAPTER A.
Table A.26: Cartesian coordinates for 5-S
H 3.445704 0.184716 −2.380245
H 2.105544 −0.917013 −2.68312
H −3.31681 −0.254854 −2.588028
C 2.913798 −0.67447 −1.991215
H 3.59344 −1.526868 −1.994946
H 3.663673 1.824044 −1.264001
H −0.028945 0.095134 −1.803087
H −1.107997 −1.307063 −1.944303
C −3.339268 −0.130463 −1.505109
H −4.185039 0.496091 −1.250791
H 2.586044 2.735602 −0.209295
H −2.72995 3.473038 −0.226855
C 3.249921 1.871299 −0.264484
C −0.83612 −0.457011 −1.322961
C −2.030307 0.414107 −1.020683
H 0.274952 1.8508 −0.616479
H −3.495022 −1.117327 −1.068155
H 4.065481 2.058667 0.434474
C 2.361886 −0.466073 −0.610882
H −3.916304 2.170821 −0.169761
C −1.848187 1.529976 −0.308474
C −2.924937 2.467871 0.147671
H 1.514599 −2.449594 −0.786575
C 2.506177 0.631385 0.137411
C −0.464149 1.876624 0.180959
H −0.454108 2.867306 0.629602
C 1.551954 −1.620332 −0.082738
H −2.919512 2.525811 1.237252
P −0.193996 −1.148158 0.255554
H 1.928881 −2.015222 0.860964
C 1.869092 0.704695 1.499888
H 2.156396 1.621844 2.010624
P −0.008056 0.649107 1.52515
H 2.185247 −0.119321 2.14074
S −1.274665 −2.59978 0.987821
Table A.27: Cartesian coordinates for 5-S2
P −0.042596 1.1143 0.600573
C 1.75638 −1.429767 0.800699
C −0.453767 −1.416373 −1.16336
C 1.756379 1.429767 0.8007
H 1.902865 2.504322 0.715529
H 1.982217 1.15273 1.830791
C 2.578999 0.668424 −0.209911
C 3.326018 1.543894 −1.173261
H 4.032249 2.171821 −0.629866
H 2.632134 2.219112 −1.676489
H 3.871638 0.992911 −1.928487
C 3.326026 −1.543889 −1.173257
H 3.871678 −0.992904 −1.928459
H 2.632142 −2.219086 −1.676515
H 4.032231 −2.171839 −0.629855
C 2.579001 −0.668421 −0.20991
C −1.731517 −0.667991 −1.475676
C −2.925528 −1.551106 −1.673777
H −3.835182 −1.002037 −1.879676
H −3.077498 −2.146835 −0.773107
H −2.746219 −2.243625 −2.496571
C −2.92553 1.551102 −1.673775
H −3.835187 1.002032 −1.879657
H −2.746229 2.243611 −2.49658
H −3.077489 2.146842 −0.773111
C −1.731518 0.667988 −1.475675
C −0.453769 1.416372 −1.163361
H −0.588663 2.489257 −1.27831
H 0.385503 1.093866 −1.778217
H 1.98222 −1.152733 1.830791
H 1.902866 −2.504321 0.715524
H 0.385505 −1.093867 −1.778217
H −0.58866 −2.489258 −1.278309
P −0.042595 −1.114299 0.600573
S −1.201479 1.974474 1.891093
S −1.201476 −1.974475 1.891094
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A.3.2 Optimized structures of Ni(CO)3(L) complexes
Table A.28: Cartesian coordinates for Ni(CO)3(5)
C 2.480495 17.90874 1.635804
C 3.250999 17.159218 2.697267
C 4.492668 16.461077 2.212906
P 2.509113 19.777209 1.950385
C 0.950067 20.405795 1.070285
C −0.32759 19.707162 1.458847
C −1.032349 18.996812 0.3321
P 1.844369 19.839443 4.106209
C 1.544887 17.960737 4.297896
C 2.800018 17.184941 3.976389
C 3.472433 16.538003 5.156838
C 0.072858 20.492739 3.775595
C −0.744494 19.750566 2.749695
C −1.987155 19.089609 3.287306
Ni 4.389573 20.881376 1.428213
C 4.037861 22.61592 1.682193
O 3.824407 23.742569 1.845813
C 5.668215 20.31173 2.545711
O 6.507632 19.972165 3.266704
C 4.731129 20.497562 −0.284032
O 4.955204 20.258615 −1.395795
H −0.357667 18.278809 −0.164745
H 1.14571 20.322704 −0.009215
H 0.928338 21.484995 1.295332
H −1.342659 19.7141 −0.44639
H −2.534541 18.505036 2.539003
H −2.68255 19.842863 3.694703
H 0.223546 21.55057 3.501204
H −0.432345 20.503921 4.75331
H 1.423045 17.602629 1.602701
H 2.91297 17.74465 0.638906
H 4.240742 15.692275 1.462631
H 5.167178 17.175548 1.712966
H 5.059212 15.971355 3.012685
H 1.236847 17.79348 5.340385
H 0.706216 17.670377 3.647161
H 2.804842 15.798925 5.631285
H 3.70271 17.292031 5.928498
H 4.407843 16.027437 4.902696
H −1.925773 18.447249 0.649557
H −1.7414 18.414556 4.124815
Table A.29: Cartesian coordinates for Ni(CO)3(5′)
Ni 2.568549 17.776982 1.626441
P 3.703434 16.726374 3.245181
P 5.616341 15.684172 2.614699
H 5.337291 14.126572 4.540018
C 2.789635 15.330035 4.159357
C 2.803149 14.065736 3.356711
C 3.952366 13.445981 3.034281
C 6.804783 16.502417 3.885161
C 4.303653 17.845996 4.663765
C 5.173125 17.142967 5.655614
C 6.316119 16.529061 5.296711
C 1.15557 18.533296 2.418853
O 0.237635 19.030716 2.921463
C 3.684605 18.982137 0.918407
O 4.39719 19.766365 0.451449
C 2.099711 16.528566 0.43027
O 1.790482 15.740915 −0.358899
C 5.28545 13.985785 3.449695
H 3.408134 18.286222 5.124446
H 4.82979 18.670164 4.154301
H 6.964724 17.518215 3.485941
H 7.766887 15.979208 3.78954
H 3.299425 15.198098 5.127086
H 1.769333 15.685684 4.353421
H 6.106317 13.319619 3.151333
H 3.927904 12.548913 2.410739
H 1.84981 13.67035 2.999248
H 6.896792 15.992425 6.052541
H 4.83809 17.098442 6.695538
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Table A.30: Cartesian coordinates for Ni(CO)3(5-NMes)
P 1.435873 19.951178 4.202612
P 2.562044 19.799262 2.185895
N 1.091666 18.709890 5.124812
Ni 3.481686 17.893435 1.439905
C 1.191150 20.533936 1.106724
C −0.099837 19.756845 1.263556
C −0.194584 20.614324 3.587842
C −2.031718 19.059355 2.767897
C −0.519430 18.974523 0.049081
C 2.327533 21.442349 4.958618
C 3.097270 22.558037 2.875270
C 2.421578 22.645591 4.047944
C 1.732519 23.880382 4.568953
C 3.281404 23.682501 1.890034
H 2.901179 23.399555 0.893678
H 4.311810 21.371272 1.525679
H 4.468636 20.892983 3.209676
H 4.353569 23.905046 1.755529
H 1.759861 24.727144 3.874040
H 2.192800 24.210398 5.515431
H 3.319338 21.072268 5.258796
H 1.782478 21.675035 5.885608
H 1.068169 21.591998 1.385354
H 1.547008 20.497618 0.067407
H −0.669278 19.645483 −0.813714
H 0.269950 18.262739 −0.242763
H −1.444439 18.406003 0.194095
H 0.673977 23.671685 4.799790
H −0.862964 20.601408 4.459614
H −0.029165 21.664308 3.296655
C 3.744047 21.254070 2.460589
C 1.660084 17.733314 5.934085
C 0.726208 16.857267 6.566159
C 1.180544 15.849682 7.418507
C 2.542015 15.642717 7.677769
C 3.445874 16.504832 7.051365
C 3.044293 17.53986 6.1945810
C −0.757641 19.790103 2.447523
C −0.747376 17.028434 6.314833
C 3.011157 14.515306 8.564335
C 4.105170 18.418792 5.589531
H −2.833363 19.770164 3.03182
H −1.884324 18.411161 3.646091
H −2.396466 18.435632 1.944505
H 2.784704 24.613605 2.184490
H 4.517823 16.371030 7.231545
H 0.441032 15.195808 7.892693
H 3.934416 18.594124 4.516393
H 5.096414 17.955124 5.683594
H 4.162992 19.400677 6.089896
H 4.004802 14.722204 8.987841
H 3.086183 13.565891 8.007754
H 2.317760 14.343551 9.401189
H −1.090357 18.03760 6.592113
H −1.331851 16.293555 6.886103
H −0.983919 16.902445 5.246681
C 3.479093 18.050156 −0.339812
C 5.159724 17.783750 2.054961
C 2.464857 16.517846 2.001057
O 1.834771 15.603861 2.317888
O 6.259756 17.689225 2.402707
O 3.503856 18.148418 −1.494095
Table A.31: Cartesian coordinates for Ni(CO)3(5-O)
P 1.855915 19.765202 4.117032
P 2.710634 19.853121 2.02618
C 2.642782 17.997987 1.662032
Ni 4.631671 20.94527 1.723507
C 1.183137 20.563289 1.164193
C 0.147066 20.479938 3.850049
C 1.658726 17.920484 4.338892
C 2.94936 17.201983 3.995794
C 3.410409 17.231025 2.721252
C 4.679732 16.587855 2.23345
C 3.628137 16.539845 5.163097
C 5.773743 20.394524 2.998575
O 6.533506 20.075924 3.808021
C 5.175285 20.547172 0.068229
O 4.065092 23.820437 2.049492
C 4.272517 22.689296 1.923638
O 5.532191 20.307822 −1.007895
C −0.130374 19.868423 1.455221
C −0.622191 19.83267 2.718457
C −0.795117 19.266834 0.244618
C −1.916299 19.183406 3.133977
H −0.122525 18.550161 −0.256821
H 1.404455 20.561573 0.086685
H 1.163945 21.624576 1.464893
H −1.019383 20.048463 −0.50074
H −2.437984 18.675615 2.31531
H −2.606674 19.933266 3.555412
H 0.320884 21.55742 3.687041
H −0.385433 20.39343 4.808827
H 1.584997 17.694894 1.614167
H 3.084327 17.843286 0.667614
H 4.462875 15.856857 1.435861
H 5.348598 17.344182 1.790723
H 5.237523 16.068076 3.019815
H 1.378849 17.762353 5.390666
H 0.81532 17.592973 3.708608
H 2.973184 15.775693 5.614892
H 3.836465 17.283629 5.949482
H 4.57496 16.055658 4.900821
H −1.731425 18.744062 0.468566
H −1.745164 18.441556 3.932843
O 2.660252 20.454216 5.211253
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Table A.32: Cartesian coordinates for Ni(CO)3(5-S)
C 2.430398 17.887667 1.629153
C 3.242848 17.156491 2.67902
C 4.485939 16.487356 2.160502
P 2.518731 19.757175 1.909086
C 0.944635 20.4246 1.09539
C −0.345447 19.727155 1.466014
C −1.049816 19.063435 0.311941
P 1.763089 19.763554 4.049772
C 1.569013 17.91838 4.340278
C 2.838744 17.179522 3.972711
C 3.565319 16.563254 5.135919
C 0.025641 20.446779 3.814154
C −0.781648 19.738154 2.750091
C −2.045483 19.089271 3.250945
Ni 4.409561 20.831684 1.434229
C 4.060696 22.585127 1.570835
O 3.86228 23.721932 1.645665
C 5.651788 20.345966 2.641447
O 6.4861 20.065465 3.388759
C 4.844331 20.356491 −0.231948
O 5.133155 20.066506 −1.315938
H −0.385788 18.338651 −0.189111
H 1.121232 20.387331 0.010219
H 0.929098 21.49478 1.362121
H −1.32204 19.808968 −0.454009
H −2.594028 18.538794 2.478625
H −2.728951 19.846886 3.669527
H 0.182522 21.516065 3.596024
H −0.458269 20.397959 4.800248
H 1.371038 17.58704 1.640676
H 2.825684 17.695135 0.621788
H 4.230678 15.728972 1.400843
H 5.139076 17.22208 1.661389
H 5.074313 15.993225 2.941027
H 1.325307 17.797427 5.404747
H 0.702249 17.584705 3.746241
H 2.926792 15.825709 5.650907
H 3.812956 17.341341 5.876445
H 4.496069 16.060177 4.852389
H −1.964809 18.533733 0.599034
H −1.827581 18.385978 4.072779
S 2.852936 20.725328 5.388992
Table A.33: Cartesian coordinates for Ni(CO)3(5-Se)
P 1.865902 19.792286 4.157557
P 2.729907 19.870212 2.058645
C 2.648462 18.014189 1.69455
Ni 4.644278 20.94996 1.711952
C 1.201823 20.581606 1.194955
C 0.139507 20.487608 3.857417
C 1.652931 17.93467 4.357542
C 2.936293 17.204912 4.022734
C 3.404653 17.23437 2.75092
C 4.669128 16.5796 2.26693
C 3.60071 16.535428 5.193678
C 5.861989 20.347679 2.891342
O 6.681728 19.997653 3.625672
C 5.093221 20.609573 0.017102
O 4.141586 23.822803 2.155437
C 4.321141 22.692556 1.991116
O 5.390215 20.407275 −1.084554
C −0.106085 19.872234 1.464071
C −0.60904 19.826223 2.722895
C −0.747699 19.261723 0.245847
C −1.897002 19.157624 3.127135
H −0.056937 18.559941 −0.251893
H 1.436258 20.594558 0.120234
H 1.174738 21.638109 1.51088
H −0.980463 20.041358 −0.498895
H −2.401566 18.640172 2.303686
H −2.603829 19.897218 3.539153
H 0.306783 21.565064 3.695217
H −0.395321 20.396377 4.813585
H 1.588716 17.720006 1.63929
H 3.093513 17.863968 0.700819
H 4.447821 15.849891 1.469382
H 5.346435 17.32909 1.825621
H 5.219387 16.055728 3.055811
H 1.353219 17.767192 5.400995
H 0.817422 17.633481 3.704032
H 2.933359 15.781759 5.644843
H 3.814394 17.280946 5.977289
H 4.541992 16.03805 4.936069
H −1.675701 18.72039 0.460101
H −1.722834 18.420404 3.929366
Se 2.957179 20.7608 5.695895
Table A.34: Cartesian coordinates for Ni(CO)3(PF3)
P −0.074713 0.261905 0.340308
Ni −0.206848 0.204773 2.467611
C 1.447947 −0.093429 3.120796
O 2.49503 −0.281513 3.560318
C −1.32983 −1.130326 2.926246
O −2.043978 −1.975849 3.242569
C −0.840276 1.798276 3.026929
O −1.244153 2.807392 3.405784
F 0.264326 −1.089897 −0.477348
F −1.355444 0.72464 −0.529219
F 1.018917 1.22112 −0.363178
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Table A.35: Cartesian coordinates for Ni(CO)3(PMe3)
P −0.067035 0.266552 0.2332
Ni −0.205264 0.20565 2.466502
C 1.309215 −0.539981 3.055943
O 2.286251 −1.020212 3.452093
C −1.641958 −0.779959 2.867912
O −2.571669 −1.414099 3.143
C −0.37937 1.898156 3.015026
O −0.494939 2.990667 3.382804
C 1.345219 1.244909 −0.470603
C −1.525676 0.993935 −0.655773
C 0.131218 −1.371248 −0.618328
H 0.19082 −1.260326 −1.711404
H 1.044449 −1.862185 −0.256265
H −0.720664 −2.017657 −0.36821
H 1.347145 1.228314 −1.570796
H 1.275255 2.285571 −0.126668
H 2.294075 0.831649 −0.103074
H −1.383797 0.990288 −1.746865
H −2.427654 0.418434 −0.408287
H −1.681143 2.026933 −0.316729
Table A.36: Cartesian coordinates for Ni(CO)3(PPh3)
P −0.065304 0.267354 0.205967
C −0.180001 0.216358 2.060814
C 1.735625 −0.063771 −0.115358
C −0.887742 −1.317004 −0.313167
C 0.087796 1.397759 2.772784
C −0.519246 −0.946471 2.769656
C 0.036157 1.409941 4.168034
C −0.582484 −0.927772 4.166821
C 2.602337 −0.568234 0.866613
C 2.23884 0.203277 −1.39966
C −2.284847 −1.3174 −0.463955
C −0.173838 −2.499981 −0.558874
C 3.94714 −0.807121 0.565326
C 3.578952 −0.048001 −1.700888
C −0.848036 −3.663984 −0.942478
C −2.956151 −2.484354 −0.833984
C −2.23854 −3.659843 −1.078398
C −0.303175 0.247738 4.868424
C 4.437498 −0.550205 −0.717593
H 5.488168 −0.736043 −0.950452
H 3.956732 0.163072 −2.703596
H 1.578979 0.615022 −2.166235
H 4.613407 −1.192519 1.340341
H 2.230583 −0.769824 1.872564
H 0.333731 2.313829 2.231553
H 0.247905 2.334622 4.709093
H −0.354333 0.260486 5.959216
H −0.854706 −1.837403 4.706794
H −0.741375 −1.869514 2.231676
H −2.84953 −0.398176 −0.29437
H −4.042385 −2.471085 −0.945955
H −2.762816 −4.569426 −1.379101
H −0.280486 −4.57645 −1.138305
H 0.912504 −2.514015 −0.45739
Ni −0.887658 2.133636 −0.757666
C −1.316954 1.710168 −2.444633
C 0.399757 3.376431 −0.693592
C −2.324162 2.622955 0.191505
O 1.211281 4.201265 −0.663186
O −1.605043 1.463945 −3.538282
O −3.254934 2.961823 0.790479
A.3.3 Intermediates of OAT reactions of 5′ and 5′-O with 2,6-C6H3Me2CNO
Table A.37: Cartesian coordinates for TS1′ (endo-exo-5′ + 2,6-C6H3Me2CNO)
P 1.851901 0.983278 0.812166
P 1.026033 −0.763984 −0.261544
H 3.554847 −0.477792 1.616917
H 2.755068 −2.291103 0.312249
C −0.079496 1.299772 −1.749159
C 0.530678 2.324748 −1.160987
C 3.627093 0.371588 0.935615
C 2.548535 −1.796795 −0.635842
H 4.203422 1.144598 1.435896
H 2.252283 −2.563287 −1.347735
H 2.297427 3.140466 −0.248321
C 1.923407 2.194766 −0.630276
H −0.001165 −0.720462 −2.473831
C 0.618423 −0.011943 −1.930833
H 2.608949 1.828357 −1.391693
H 1.55292 0.114469 −2.476722
C 4.214113 −0.005982 −0.381126
C 3.708637 −0.991899 −1.116684
H −1.104183 1.389636 −2.078853
H 0.001153 3.253818 −1.00936
H 5.036388 0.581842 −0.763116
H 4.120137 −1.204719 −2.092741
C −0.998458 −0.845326 1.13123
N −0.356988 −1.174803 2.082985
O 0.816484 −1.476548 2.337533
C −2.205611 −0.382127 0.510572
C −2.684776 0.901722 0.807649
C −2.830735 −1.198652 −0.441183
C −3.811155 1.350905 0.135999
C −3.946924 −0.707008 −1.100369
C −4.434041 0.557922 −0.814356
H −4.198846 2.333586 0.358621
H −4.440155 −1.32447 −1.835936
C −1.987203 1.757644 1.819496
H −1.933158 1.254211 2.782621
H −0.961192 1.95168 1.507891
H −2.505658 2.70347 1.943811
C −2.302067 −2.572857 −0.725718
H −1.277851 −2.525667 −1.093866
H −2.278728 −3.170137 0.183804
H −2.919591 −3.077214 −1.46257
H −5.306539 0.926453 −1.331726
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Table A.38: Cartesian coordinates for Int1′ (endo-exo-5′ + 2,6-C6H3Me2CNO)
P 2.16575 1.138875 0.696639
P 0.850127 −0.461958 0.016512
H 3.396658 −0.644568 1.675306
H 1.873393 −2.547149 0.600189
C 0.098357 1.537609 −1.732341
C 1.038331 2.421329 −1.410638
C 3.652902 0.001214 0.83467
C 1.788965 −2.010433 −0.339789
H 4.498266 0.613595 1.135019
H 1.19469 −2.601759 −1.031847
H 3.06822 2.823331 −0.821304
C 2.400857 1.979322 −0.968829
H −0.481915 −0.510683 −2.02472
C 0.382051 0.06671 −1.706083
H 2.854099 1.297192 −1.684852
H 1.221378 −0.18214 −2.356429
C 3.960607 −0.788156 −0.398819
C 3.130615 −1.67843 −0.931319
H −0.896986 1.864448 −1.993401
H 0.810303 3.476735 −1.405202
H 4.904609 −0.600615 −0.890662
H 3.416979 −2.19429 −1.83609
C −0.720997 −0.532572 0.89032
N −0.337992 −0.776763 2.097613
O 0.968344 −0.918377 2.095607
C −2.082895 −0.260828 0.40208
C −2.681963 0.975433 0.669183
C −2.750601 −1.230671 −0.35214
C −3.946789 1.229643 0.155226
C −4.012432 −0.944453 −0.855023
C −4.606571 0.280748 −0.606863
H −4.41676 2.180368 0.359015
H −4.534088 −1.692621 −1.433458
C −1.974985 2.004115 1.50514
H −1.791232 1.623827 2.507005
H −1.004371 2.250701 1.077448
H −2.567971 2.911578 1.574756
C −2.12462 −2.577085 −0.592833
H −1.277042 −2.508397 −1.27504
H −1.756845 −3.002326 0.337984
H −2.846388 −3.260679 −1.030613
H −5.588965 0.493089 −1.000169
Table A.39: Cartesian coordinates for TS2′ (endo-exo-5′ + 2,6-C6H3Me2CNO)
P −1.669622 1.366847 −0.45044
P −1.459728 −0.814288 −0.387756
H −3.790575 1.20925 −1.579285
H −3.501551 −1.251751 −1.541894
C −0.050789 −0.336335 1.982502
C −0.248721 0.973146 1.999997
C −3.54933 1.463565 −0.54647
C −3.212506 −1.413906 −0.503911
H −3.796233 2.515063 −0.41745
H −3.185992 −2.488055 −0.342715
H −1.441483 2.697661 1.556879
C −1.466256 1.621254 1.409333
H −0.604589 −2.297459 1.272275
C −1.009853 −1.289951 1.336124
H −2.361769 1.236313 1.892317
H −1.952182 −1.339198 1.883497
C −4.297416 0.598275 0.415333
C −4.138394 −0.719378 0.442307
H 0.859934 −0.741571 2.39672
H 0.504471 1.613835 2.433711
H −4.964695 1.072715 1.120547
H −4.678506 −1.312758 1.165339
C 0.89661 −0.512677 −0.787537
N 0.702675 −1.287767 −1.717349
O −0.946731 −1.627415 −1.625193
C 2.260696 −0.095915 −0.419683
C 2.685569 1.21822 −0.632276
C 3.101747 −1.02109 0.212118
C 3.951477 1.593809 −0.205086
C 4.354365 −0.604644 0.641811
C 4.784197 0.694778 0.437414
H 4.282544 2.606911 −0.381879
H 5.002198 −1.317469 1.130962
C 1.786911 2.211433 −1.30879
H 1.337039 1.794685 −2.206486
H 0.968718 2.498013 −0.649368
H 2.33972 3.107767 −1.576665
C 2.674605 −2.449376 0.409502
H 1.719535 −2.507842 0.929361
H 2.541236 −2.950013 −0.545848
H 3.416602 −2.990311 0.989845
H 5.763481 1.00226 0.769938
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Table A.40: Cartesian coordinates for TS1′′ (endo-exo-5′-O + 2,6-C6H3Me2CNO)
P −1.861857 −1.071023 0.205301
P −0.969515 0.934523 −0.020727
H −3.453892 −0.194635 1.690942
H −2.665087 2.118438 1.16062
C 0.076484 −0.379818 −2.201274
C −0.497392 −1.568062 −2.043162
C −3.568409 −0.663857 0.711712
C −2.501638 1.998809 0.090619
H −4.108051 −1.597337 0.844966
H −2.236325 2.975378 −0.307119
H −2.243864 −2.713573 −1.484022
C −1.901678 −1.682971 −1.521622
H −0.070721 1.763728 −2.137443
C −0.655137 0.886811 −1.872514
H −2.604962 −1.090847 −2.104902
H −1.610069 0.941028 −2.394904
C −4.211057 0.242435 −0.29423
C −3.712051 1.436887 −0.592188
H 1.105409 −0.313007 −2.523202
H 0.056213 −2.473523 −2.235161
H −5.086013 −0.117254 −0.815133
H −4.195353 2.038252 −1.348957
C 1.068015 0.475507 1.255933
N 0.385573 0.52132 2.239447
O −0.814306 0.778839 2.450065
C 2.301971 0.217072 0.575376
C 2.804235 −1.091923 0.517958
C 2.936711 1.281651 −0.081048
C 3.954289 −1.312526 −0.225585
C 4.076862 1.014161 −0.821884
C 4.579619 −0.274828 −0.896866
H 4.359808 −2.311716 −0.277275
H 4.576975 1.822976 −1.333421
O −1.159224 −2.023652 1.094516
C 2.126023 −2.2032 1.256376
H 2.144225 −2.009854 2.328137
H 1.07624 −2.28217 0.9788
H 2.627213 −3.147314 1.065017
C 2.399026 2.677095 0.034522
H 2.350185 2.983444 1.077805
H 3.028151 3.376274 −0.507852
H 1.384497 2.739347 −0.356204
H 5.470002 −0.470314 −1.474824
Table A.41: Cartesian coordinates for Int1′′ (endo-exo-5′-O + 2,6-C6H3Me2CNO)
P 2.108284 −1.040037 −0.285358
P 0.755892 0.681287 −0.045454
H 3.398758 0.357316 −1.648618
H 1.864728 2.661298 −0.864749
C −0.10575 −0.984093 1.977962
C 0.788372 −1.957391 1.840938
C 3.616835 −0.097775 −0.681605
C 1.762869 2.218402 0.120967
H 4.435239 −0.800741 −0.811241
H 1.2044 2.902134 0.756077
H 2.818454 −2.563431 1.403257
C 2.207083 −1.665479 1.427486
H −0.584784 1.10915 1.96237
C 0.253456 0.45266 1.743596
H 2.680235 −0.927606 2.072849
H 1.096337 0.756104 2.366445
C 3.911812 0.920637 0.382807
C 3.102825 1.912739 0.739741
H −1.129765 −1.221632 2.225081
H 0.49824 −2.987827 1.9704
H 4.850427 0.817814 0.907901
H 3.42812 2.574195 1.530169
C −0.808351 0.50329 −0.943323
N −0.35236 0.57243 −2.141201
O 0.952866 0.802882 −2.043054
C −2.163013 0.21694 −0.45701
C −2.659211 −1.089894 −0.524595
C −2.911624 1.246133 0.12257
C −3.909222 −1.35019 0.023453
C −4.154482 0.950231 0.663409
C −4.648022 −0.343035 0.619747
H −4.303154 −2.35463 −0.021764
H −4.740247 1.739533 1.110774
C −1.86865 −2.18005 −1.188409
H −1.77128 −1.984269 −2.254056
H −0.854493 −2.24115 −0.798072
H −2.359349 −3.139735 −1.053206
C −2.394422 2.658685 0.12191
H −1.468304 2.751883 0.688974
H −2.180201 2.985978 −0.893232
H −3.124103 3.333579 0.559774
O 1.701778 −2.090457 −1.23701
H −5.615576 −0.56398 1.044103
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Table A.42: Cartesian coordinates for TS2′′ (endo-exo-5′-O + 2,6-C6H3Me2CNO)
P −1.755843 1.265123 0.019342
P −1.373599 −0.841121 −0.55224
H −3.775183 1.387772 −1.214095
H −3.431105 −1.036764 −1.753971
C 0.00234 −0.820925 1.889353
C −0.226277 0.439514 2.222543
C −3.574199 1.390865 −0.141834
C −3.123489 −1.419663 −0.781315
H −3.840503 2.376017 0.234237
H −3.0727 −2.501325 −0.871662
H −1.41183 2.237096 2.134735
C −1.464771 1.195659 1.822508
H −0.502459 −2.609366 0.78813
C −0.930195 −1.642818 1.043224
H −2.351062 0.749799 2.274567
H −1.87436 −1.825224 1.559512
C −4.290316 0.288421 0.576661
C −4.069419 −0.989535 0.297049
H 0.925583 −1.282175 2.204035
H 0.514156 0.971359 2.799422
H −4.98324 0.557472 1.360028
H −4.59398 −1.753949 0.851884
C 0.969269 −0.397836 −0.889157
N 0.80512 −1.006658 −1.934578
O −0.880179 −1.342298 −1.943159
C 2.328508 −0.070254 −0.40649
C 2.834083 1.229271 −0.507985
C 3.090606 −1.089325 0.179476
C 4.070584 1.507432 0.060031
C 4.31811 −0.769014 0.742767
C 4.804957 0.525425 0.699914
H 4.460224 2.512124 −0.014593
H 4.901789 −1.552462 1.203807
C 2.089539 2.28539 −1.266794
H 2.028852 2.016687 −2.320751
H 1.068593 2.393161 −0.913688
H 2.599702 3.241427 −1.18683
C 2.63614 −2.522901 0.154419
H 1.62681 −2.637317 0.539885
H 2.624111 −2.901514 −0.865116
H 3.303471 −3.142094 0.74733
H 5.759884 0.761627 1.143202
O −1.052794 2.328047 −0.723189
A.3.4 Intermediates of OAT reactions of 5′ and 5′-O with PhCNO
Table A.43: Cartesian coordinates of TS1′ (endo-exo-5′ + PhCNO)
P 1.795589 −1.596872 −0.459051
P 0.624544 0.253531 −0.039857
H 2.173132 −0.849899 −2.711335
H 0.863881 1.174628 −2.239852
C 1.412355 −0.331133 2.530723
C 2.158792 −1.399465 2.271599
C 2.853498 −0.914380 −1.861417
C 1.287621 1.469192 −1.279113
H 3.585055 −1.682397 −2.099898
H 0.859559 2.42934 −0.999435
H 3.576688 −2.393432 0.998938
C 2.962658 −1.497650 1.012892
H 0.728925 1.637523 1.927781
C 1.349262 0.819789 1.576511
H 3.605895 −0.629227 0.8868
H 2.343792 1.209447 1.36091
C 3.496706 0.40082 −1.571152
C 2.78159 1.489141 −1.305421
H 0.812658 −0.288828 3.427089
H 2.168353 −2.234878 2.955155
H 4.575811 0.447357 −1.544758
H 3.279745 2.416285 −1.063824
C −1.456445 1.083751 0.164298
N −1.347487 2.257187 0.42598
O −0.581759 3.2043 0.636814
C −2.564001 0.165695 −0.052878
C −2.371121 −1.195280 −0.254965
C −3.863334 0.67949 −0.052025
C −3.458883 −2.030646 −0.454387
H −1.372339 −1.601310 −0.251859
C −4.941278 −0.160382 −0.250521
H −4.005179 1.736512 0.106756
C −4.745321 −1.519787 −0.453772
H −3.294487 −3.085648 −0.609316
H −5.940034 0.247834 −0.248292
H −5.589554 −2.172834 −0.609839
E0 = −1394.53805 Ha (bsseCorrected)
H298 = −1394.23037 Ha (bsseCorrected)
S298 = 137.7 cal·mol−1·K−1
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Table A.44: Cartesian coordinates of Int1′ (endo-exo-5′ + PhCNO)
P 0.901057 −1.239305 −0.819637
P 0.820177 0.765236 0.243976
H 1.801493 −0.416909 −2.906358
H 1.35012 1.653684 −1.912418
C 1.08039 −0.916912 2.407149
C 1.173811 −2.089819 1.790954
C 2.272817 −0.920520 −2.061817
C 1.87694 1.712866 −0.959414
H 2.588568 −1.898329 −2.417467
H 1.899791 2.743777 −0.636910
H 1.901905 −3.249494 0.135466
C 1.861824 −2.217369 0.469872
H 1.600061 1.177592 2.481405
C 1.677116 0.324059 1.821953
H 2.879396 −1.832179 0.523207
H 2.720318 0.173315 1.545346
C 3.418583 −0.122789 −1.531579
C 3.234597 1.09351 −1.031638
H 0.541729 −0.825406 3.337497
H 0.709072 −2.964232 2.221818
H 4.407166 −0.558809 −1.540596
H 4.064631 1.651984 −0.625809
C −0.979225 1.067426 0.357539
N −0.942935 2.243528 0.88177
O 0.327223 2.561077 1.047944
C −2.206897 0.357436 −0.006516
C −2.374174 −1.002405 0.2372
C −3.258913 1.081131 −0.565095
C −3.566876 −1.628557 −0.083037
H −1.573434 −1.563873 0.692201
C −4.453698 0.455005 −0.872764
H −3.125042 2.135979 −0.746231
C −4.608860 −0.902991 −0.638757
H −3.685721 −2.683318 0.110912
H −5.262497 1.02618 −1.301693
H −5.537941 −1.392649 −0.885697
E0 = −1394.57373 Ha (bsseCorrected)
H298 = −1394.26387 Ha (bsseCorrected)
S298 = 133.4 cal·mol−1·K−1
Table A.45: Cartesian coordinates of TS2′ (endo-exo-5′ + PhCNO)
P −0.997425 0.663203 −1.306962
P −1.027391 −0.789259 0.396072
H −2.749173 −0.466743 −2.509287
H −2.794440 −2.064739 −0.651957
C −0.339699 1.428109 1.929156
C −0.338785 2.307941 0.936007
C −2.743089 0.478445 −1.965193
C −2.806001 −1.418466 0.226414
H −2.872872 1.264705 −2.705741
H −2.997760 −2.056418 1.08494
H −1.080394 3.054912 −0.924802
C −1.241136 2.213152 −0.256873
H −0.956792 −0.458958 2.756266
C −1.207338 0.210222 1.935597
H −2.279231 2.223428 0.067387
H −2.261729 0.469161 2.017432
C −3.814241 0.514263 −0.922214
C −3.829898 −0.345199 0.089427
H 0.331547 1.56931 2.763269
H 0.343763 3.144421 0.97757
H −4.569082 1.284886 −0.988248
H −4.601914 −0.267743 0.842176
C 0.96315 −1.011263 0.377805
N 0.826822 −2.263557 0.501337
O −0.585864 −2.414197 0.556437
C 2.285636 −0.437420 0.074646
C 2.779522 0.711069 0.684928
C 3.075107 −1.086668 −0.875293
C 4.036471 1.194072 0.35977
H 2.183369 1.219595 1.420975
C 4.328094 −0.599809 −1.201944
H 2.688701 −1.974204 −1.350195
C 4.812732 0.543727 −0.585915
H 4.410449 2.081045 0.847545
H 4.92537 −1.112445 −1.940055
H 5.788424 0.926049 −0.842682
E0 = −1394.56259 Ha (bsseCorrected)
H298 = −1394.25421 Ha (bsseCorrected)
S298 = 129.0 cal·mol−1·K−1
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Table A.46: Cartesian coordinates of Int2′ (endo-exo-5′ + PhCNO)
P 1.265049 −1.098042 −1.014435
P 1.004561 0.888635 −0.000069
H 3.289215 −0.480611 −2.162972
H 2.992876 1.709275 −1.108132
C −0.144345 −0.618073 2.006151
C 0.006413 −1.803245 1.429522
C 3.113768 −1.134705 −1.307886
C 2.807336 1.466084 −0.060982
H 3.347754 −2.145319 −1.635388
H 2.858863 2.397637 0.494914
H 1.138354 −3.177299 0.237022
C 1.178905 −2.140138 0.558853
H 0.504358 1.419614 2.274345
C 0.830981 0.497734 1.797586
H 2.10826 −1.983717 1.101504
H 1.823285 0.249837 2.170086
C 3.938222 −0.724815 −0.130185
C 3.785574 0.462439 0.443696
H −1.028590 −0.418895 2.59243
H −0.756881 −2.555508 1.563291
H 4.649775 −1.432253 0.271353
H 4.376452 0.713993 1.313384
C −0.937624 1.057083 −0.349372
N −0.805138 2.291879 −0.592766
O 0.596952 2.469941 −0.475023
C −2.250015 0.402751 −0.302760
C −2.418684 −0.906487 −0.742416
C −3.350056 1.101888 0.190419
C −3.666520 −1.504058 −0.696993
H −1.570073 −1.445681 −1.134172
C −4.595451 0.500165 0.240037
H −3.212289 2.116297 0.530178
C −4.756502 −0.804425 −0.201803
H −3.788972 −2.516654 −1.049196
H −5.441078 1.048313 0.625768
H −5.727140 −1.273798 −0.160508
E0 = −1394.56784 Ha (bsseCorrected)
H298 = −1394.25861 Ha (bsseCorrected)
S298 = 135.4 cal·mol−1·K−1
Table A.47: Cartesian coordinates of TS3′ (endo-exo-5′ + PhCNO)
P 1.206952 −1.043762 −0.971172
P 1.29085 0.939407 −0.042758
H 3.314906 −0.724457 −2.091419
H 3.345481 1.5545 −1.078371
C −0.127971 −0.273222 2.053233
C −0.093967 −1.497133 1.549034
C 3.054993 −1.328333 −1.221257
C 3.103775 1.3313 −0.039186
H 3.161441 −2.368949 −1.519771
H 3.233473 2.250753 0.524251
H 0.844955 −3.020540 0.371762
C 1.007947 −1.984268 0.655606
H 0.601451 1.751567 2.075587
C 0.913577 0.761126 1.750728
H 1.959329 −1.923724 1.179394
H 1.860952 0.528434 2.238372
C 3.923492 −0.997244 −0.050908
C 3.94077 0.213092 0.4952
H −0.964173 0.025678 2.667046
H −0.903570 −2.177747 1.765396
H 4.532026 −1.783005 0.373427
H 4.565113 0.404486 1.355772
C −1.034864 0.938724 −0.467485
N −0.837372 2.048399 −0.946127
O 0.847581 2.250364 −0.771676
C −2.382846 0.376826 −0.349634
C −2.648683 −0.904751 −0.824241
C −3.397551 1.09508 0.278854
C −3.915970 −1.446677 −0.696249
H −1.857578 −1.462121 −1.303128
C −4.658041 0.539817 0.42257
H −3.186577 2.087566 0.645528
C −4.923224 −0.729424 −0.067680
H −4.116530 −2.434610 −1.081717
H −5.437842 1.104113 0.911018
H −5.907542 −1.157800 0.04061
E0 = −1394.55068 Ha (bsseCorrected)
H298 = −1394.24388 Ha (bsseCorrected)
S298 = 135.9 cal·mol−1·K−1
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Table A.48: Cartesian coordinates of TS1′′ (endo-exo-5′-O + PhCNO)
P 1.732115 −1.344455 −0.272317
P 0.57759 0.525393 −0.049688
H 2.250989 −0.975118 −2.542600
H 0.976892 1.222713 −2.308103
C 1.154146 0.024182 2.568636
C 1.811172 −1.121641 2.433293
C 2.874577 −0.958164 −1.646939
C 1.374498 1.571998 −1.354070
H 3.581255 −1.780704 −1.727261
H 0.997084 2.577198 −1.186108
H 3.195268 −2.351255 1.317677
C 2.721504 −1.374362 1.264045
H 0.689397 2.010917 1.834604
C 1.264834 1.132606 1.561782
H 3.494145 −0.609645 1.179898
H 2.301047 1.42876 1.400596
C 3.551489 0.366835 −1.453971
C 2.873237 1.501145 −1.321983
H 0.483772 0.164791 3.402498
H 1.67706 −1.913681 3.152797
H 4.630191 0.381373 −1.408386
H 3.411497 2.425493 −1.172265
C −1.536369 1.250849 0.046274
N −1.453009 2.44349 0.219743
O −0.652849 3.381194 0.352854
C −2.585380 0.256729 −0.103588
C −2.311367 −1.097775 −0.255744
C −3.912158 0.695754 −0.089782
C −3.355084 −1.999944 −0.392761
H −1.295538 −1.463739 −0.270461
C −4.942381 −0.213042 −0.226205
H −4.112157 1.74855 0.029187
C −4.669138 −1.565887 −0.378634
H −3.128640 −3.047911 −0.511245
H −5.963255 0.136413 −0.214613
H −5.476483 −2.273348 −0.485929
O 0.894284 −2.545569 −0.490419
E0 = −1469.81940 Ha (bsseCorrected)
H298 = −1469.50637 Ha (bsseCorrected)
S298 = 142.7 cal·mol−1·K−1
Table A.49: Cartesian coordinates of Int1′′ (endo-exo-5′-O + PhCNO)
P 1.097425 −1.173528 −0.583567
P 0.829947 0.949859 0.219639
H 1.910318 −0.638649 −2.755001
H 1.505299 1.598104 −1.985233
C 0.963441 −0.573699 2.516724
C 1.11319 −1.802233 2.037574
C 2.392881 −1.057992 −1.870988
C 1.992598 1.707574 −1.014522
H 2.696347 −2.072787 −2.115926
H 2.055238 2.763138 −0.788768
H 1.929404 −3.116773 0.526646
C 1.91348 −2.063228 0.793985
H 1.480657 1.52219 2.460395
C 1.598181 0.623589 1.86922
H 2.939044 −1.705854 0.891642
H 2.659006 0.457097 1.680052
C 3.529873 −0.207398 −1.394866
C 3.336817 1.043004 −0.996135
H 0.345098 −0.399517 3.383737
H 0.615757 −2.632894 2.514018
H 4.51964 −0.637534 −1.355290
H 4.169015 1.627164 −0.632073
C −1.021602 1.149199 0.224834
N −0.993406 2.371906 0.603231
O 0.306852 2.699191 0.7199
C −2.261450 0.414715 −0.043359
C −2.461405 −0.889730 0.390465
C −3.294935 1.090423 −0.688954
C −3.679249 −1.510684 0.177343
H −1.662112 −1.417468 0.881976
C −4.512437 0.467017 −0.896096
H −3.131461 2.104607 −1.017510
C −4.705745 −0.836162 −0.465274
H −3.825594 −2.525732 0.511671
H −5.307711 0.996878 −1.397457
H −5.652606 −1.325885 −0.632799
O −0.134841 −1.845536 −1.066585
E0 = −1469.84864 Ha (bsseCorrected)
H298 = −1469.53374 Ha (bsseCorrected)
S298 = 138.6 cal·mol−1·K−1
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Table A.50: Cartesian coordinates of TS2′′ (endo-exo-5′-O + PhCNO)
P 1.404773 −0.995804 −0.745329
P 0.899452 0.96123 0.137503
H 3.286349 −0.032661 −1.811939
H 2.942871 2.13824 −0.438254
C −0.401859 −0.723856 1.918476
C −0.088575 −1.886975 1.359968
C 3.192982 −0.809083 −1.051217
C 2.617191 1.661063 0.483872
H 3.552743 −1.740385 −1.481157
H 2.501056 2.447428 1.226659
H 1.295604 −3.134840 0.272423
C 1.230645 −2.128766 0.680308
H 0.075628 1.314719 2.401219
C 0.522456 0.454408 1.907652
H 2.066091 −1.968652 1.358015
H 1.470287 0.238532 2.398573
C 3.900097 −0.453637 0.225632
C 3.615925 0.637572 0.927938
H −1.384518 −0.597307 2.347815
H −0.813654 −2.685700 1.350442
H 4.639769 −1.147912 0.596903
H 4.144895 0.809585 1.854908
C −0.927703 1.089658 −0.490763
N −0.630285 1.993245 −1.320389
O 0.745416 2.179187 −1.081591
C −2.264385 0.514106 −0.298415
C −3.217614 1.204461 0.440021
C −2.568825 −0.734619 −0.832289
C −4.471822 0.649872 0.645881
H −2.975116 2.176897 0.841104
C −3.824116 −1.279399 −0.629341
H −1.813093 −1.255297 −1.402039
C −4.775073 −0.592266 0.113463
H −5.211299 1.19058 1.216075
H −4.063960 −2.242091 −1.053683
H −5.751638 −1.023438 0.271585
O 0.585916 −1.371317 −1.917865
E0 = −1469.84443 Ha (bsseCorrected)
H298 = −1469.53087 Ha (bsseCorrected)
S298 = 133.5 cal·mol−1·K−1
Table A.51: Cartesian coordinates of Int2′′ (endo-exo-5′ + PhCNO)
P 1.324048 −1.199287 −0.505965
P 0.935321 1.001691 −0.116821
H 3.173837 −0.937900 −1.975422
H 2.826516 1.452482 −1.553582
C −0.159374 −0.129016 2.154994
C 0.020555 −1.417629 1.900295
C 3.085899 −1.330592 −0.961383
C 2.706675 1.525736 −0.470908
H 3.326684 −2.390424 −1.000738
H 2.767952 2.578556 −0.216949
H 1.175694 −3.017714 1.024085
C 1.224372 −1.940446 1.166341
H 0.474251 1.927943 2.024707
C 0.803981 0.939017 1.718251
H 2.146411 −1.696392 1.694014
H 1.805884 0.76895 2.109683
C 3.936782 −0.573997 0.01475
C 3.741995 0.718114 0.243065
H −1.064653 0.191234 2.64769
H −0.738491 −2.125753 2.194248
H 4.700444 −1.111042 0.557674
H 4.354142 1.225173 0.975267
C −0.980244 1.091455 −0.514066
N −0.897407 2.341691 −0.703116
O 0.470153 2.599978 −0.608181
C −2.264632 0.395031 −0.372512
C −2.451213 −0.917078 −0.793386
C −3.327518 1.091347 0.205957
C −3.691376 −1.517786 −0.642801
H −1.627460 −1.449856 −1.239437
C −4.561267 0.484796 0.351998
H −3.171022 2.107648 0.531462
C −4.745539 −0.823589 −0.071381
H −3.832517 −2.533587 −0.978167
H −5.378100 1.030775 0.798385
H −5.707519 −1.298672 0.045829
O 0.420432 −1.815165 −1.510620
E0 = −1469.84889 Ha (bsseCorrected)
H298 = −1469.53410 Ha (bsseCorrected)
S298 = 137.5 cal·mol−1·K−1
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Table A.52: Cartesian coordinates of TS3′′ (endo-exo-5′-O + PhCNO)
P 1.219032 −1.125838 −0.542357
P 1.245534 1.047011 −0.161500
H 3.251614 −1.116694 −1.757101
H 3.372279 1.367887 −1.205296
C −0.243455 0.277999 2.10107
C −0.247664 −1.025532 1.874054
C 2.988055 −1.523423 −0.779741
C 3.078048 1.35142 −0.155790
H 3.059444 −2.606429 −0.848890
H 3.22884 2.355752 0.229376
H 0.556078 −2.801946 0.96569
C 0.834403 −1.762197 1.129904
H 0.498815 2.258651 1.723945
C 0.81904 1.22395 1.615476
H 1.764882 −1.746164 1.697295
H 1.747636 1.101353 2.17518
C 3.838191 −0.962644 0.321118
C 3.861945 0.332119 0.613013
H −1.075957 0.711889 2.634256
H −1.081045 −1.611874 2.229422
H 4.425601 −1.653879 0.907376
H 4.478879 0.675855 1.430735
C −1.004737 0.941353 −0.678188
N −0.823248 1.963921 −1.316040
O 0.90473 2.187838 −1.161842
C −2.335960 0.378896 −0.419410
C −2.632096 −0.936975 −0.761921
C −3.291141 1.158289 0.228008
C −3.881352 −1.456297 −0.465176
H −1.879142 −1.528190 −1.258678
C −4.531016 0.623514 0.535593
H −3.052397 2.179227 0.484157
C −4.830656 −0.684526 0.188774
H −4.113019 −2.473021 −0.743940
H −5.266146 1.232932 1.038504
H −5.798329 −1.099277 0.424499
O 0.363594 −1.616188 −1.642797
E0 = −1469.82786 Ha (bsseCorrected)
H298 = −1469.51564 Ha (bsseCorrected)
S298 = 137.8 cal·mol−1·K−1
Table A.53: Cartesian coordinates of PhCNO
C −2.039485 −1.201124 0.000014
C −0.656704 −1.207596 −0.000022
C 0.03987 −0.000027 −0.000035
C −0.656648 1.207575 −0.000024
C −2.039429 1.201168 0.000012
C −2.732342 0.000038 0.000031
H −2.576765 −2.136246 0.000028
H −0.108966 −2.136137 −0.000038
H −0.108867 2.136091 −0.000041
H −2.576666 2.136315 0.000024
H −3.810978 0.000063 0.000058
C 1.468734 −0.000061 −0.000054
N 2.619725 −0.000064 0.000114
O 3.817524 0.000065 −0.000044
E0 = −399.71651 Ha
H298 = −399.60314 Ha
S298 = 84.5 cal·mol−1·K−1
Table A.54: Cartesian coordinates of PhCN
C 1.472214 −1.202719 0.000002
C 0.089182 −1.208846 0
C −0.600293 −0.000001 −0.000001
C 0.08918 1.208846 0
C 1.472212 1.202721 0.000002
C 2.162513 0.000001 0.000003
H 2.011139 −2.136699 0.000003
H −0.461550 −2.135553 0
H −0.461554 2.135551 −0.000001
H 2.011136 2.1367 0.000002
H 3.241275 0.000002 0.000004
C −2.033749 −0.000001 −0.000003
N −3.178285 0.000001 −0.000004
E0 = −324.55773 Ha
H298 = −324.44977 Ha
S298 = 78.2 cal·mol−1·K−1
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A.4 Intermediates for Dissociation of Photo-excited P4
Table A.55: MOLPRO input file for CASSCF(4,9)-RSPT3 calculation
memory,200,m
basis=aug-cc-pVTZ
geomtyp=xyz
proc caspt3
{hf,accu=12
orbprint,10,0
}
{multi,energy=1.0d-9,gradient=1.0d-8
occ,10,9,9,9
closed,7,7,7,7
wf,60,1,0
state,2
wf,60,2,0
state,2
wf,60,3,0
state,2
wf,60,4,0
state,2
natorb,ci,print
}
{rs3,thrvar=1.0e-6,thrden=1.0e-8,shift=0.2,mix=2
wf,60,1,0
state,2
}
{rs3,thrvar=1.0e-6,thrden=1.0e-8,shift=0.2,mix=2
wf,60,4,0
state,2
}
endproc
geometry=frames/##.xyz
caspt3
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Table A.56: Direct dissociation coordinates
P 0.782498 -0.782498 -0.782498
P -0.782498 0.782498 -0.782498
P 0.782498 0.782498 0.782498
P -0.782498 -0.782498 0.782498
P 0.780458 -0.780458 -0.822721
P -0.780458 0.780458 -0.822721
P 0.780458 0.780458 0.822721
P -0.780458 -0.780458 0.822721
P 0.778417 -0.778417 -0.862945
P -0.778417 0.778417 -0.862945
P 0.778417 0.778417 0.862945
P -0.778417 -0.778417 0.862945
P 0.776377 -0.776377 -0.903168
P -0.776377 0.776377 -0.903168
P 0.776377 0.776377 0.903168
P -0.776377 -0.776377 0.903168
P 0.774337 -0.774337 -0.943392
P -0.774337 0.774337 -0.943392
P 0.774337 0.774337 0.943392
P -0.774337 -0.774337 0.943392
P 0.772297 -0.772297 -0.983615
P -0.772297 0.772297 -0.983615
P 0.772297 0.772297 0.983615
P -0.772297 -0.772297 0.983615
P 0.770256 -0.770256 -1.023839
P -0.770256 0.770256 -1.023839
P 0.770256 0.770256 1.023839
P -0.770256 -0.770256 1.023839
P 0.768216 -0.768216 -1.064062
P -0.768216 0.768216 -1.064062
P 0.768216 0.768216 1.064062
P -0.768216 -0.768216 1.064062
P 0.766176 -0.766176 -1.104286
P -0.766176 0.766176 -1.104286
P 0.766176 0.766176 1.104286
P -0.766176 -0.766176 1.104286
P 0.764135 -0.764135 -1.144509
P -0.764135 0.764135 -1.144509
P 0.764135 0.764135 1.144509
P -0.764135 -0.764135 1.144509
P 0.762095 -0.762095 -1.184733
P -0.762095 0.762095 -1.184733
P 0.762095 0.762095 1.184733
P -0.762095 -0.762095 1.184733
P 0.760055 -0.760055 -1.224956
P -0.760055 0.760055 -1.224956
P 0.760055 0.760055 1.224956
P -0.760055 -0.760055 1.224956
P 0.758015 -0.758015 -1.265180
P -0.758015 0.758015 -1.265180
P 0.758015 0.758015 1.265180
P -0.758015 -0.758015 1.265180
P 0.755974 -0.755974 -1.305403
P -0.755974 0.755974 -1.305403
P 0.755974 0.755974 1.305403
P -0.755974 -0.755974 1.305403
P 0.753934 -0.753934 -1.345626
P -0.753934 0.753934 -1.345626
P 0.753934 0.753934 1.345626
P -0.753934 -0.753934 1.345626
P 0.751894 -0.751894 -1.385850
P -0.751894 0.751894 -1.385850
P 0.751894 0.751894 1.385850
P -0.751894 -0.751894 1.385850
P 0.749854 -0.749854 -1.426073
P -0.749854 0.749854 -1.426073
P 0.749854 0.749854 1.426073
P -0.749854 -0.749854 1.426073
P 0.747813 -0.747813 -1.466297
P -0.747813 0.747813 -1.466297
P 0.747813 0.747813 1.466297
P -0.747813 -0.747813 1.466297
P 0.745773 -0.745773 -1.506520
P -0.745773 0.745773 -1.506520
P 0.745773 0.745773 1.506520
P -0.745773 -0.745773 1.506520
P 0.743733 -0.743733 -1.546744
P -0.743733 0.743733 -1.546744
P 0.743733 0.743733 1.546744
P -0.743733 -0.743733 1.546744
P 0.741692 -0.741692 -1.586967
P -0.741692 0.741692 -1.586967
P 0.741692 0.741692 1.586967
P -0.741692 -0.741692 1.586967
P 0.739652 -0.739652 -1.627191
P -0.739652 0.739652 -1.627191
P 0.739652 0.739652 1.627191
P -0.739652 -0.739652 1.627191
P 0.737612 -0.737612 -1.667414
P -0.737612 0.737612 -1.667414
P 0.737612 0.737612 1.667414
P -0.737612 -0.737612 1.667414
P 0.735572 -0.735572 -1.707638
P -0.735572 0.735572 -1.707638
P 0.735572 0.735572 1.707638
P -0.735572 -0.735572 1.707638
P 0.733531 -0.733531 -1.747861
P -0.733531 0.733531 -1.747861
P 0.733531 0.733531 1.747861
P -0.733531 -0.733531 1.747861
P 0.731491 -0.731491 -1.788084
P -0.731491 0.731491 -1.788084
P 0.731491 0.731491 1.788084
P -0.731491 -0.731491 1.788084
P 0.729451 -0.729451 -1.828308
P -0.729451 0.729451 -1.828308
P 0.729451 0.729451 1.828308
P -0.729451 -0.729451 1.828308
P 0.727410 -0.727410 -1.868531
P -0.727410 0.727410 -1.868531
P 0.727410 0.727410 1.868531
P -0.727410 -0.727410 1.868531
P 0.725370 -0.725370 -1.908755
P -0.725370 0.725370 -1.908755
P 0.725370 0.725370 1.908755
P -0.725370 -0.725370 1.908755
P 0.723330 -0.723330 -1.948978
P -0.723330 0.723330 -1.948978
P 0.723330 0.723330 1.948978
P -0.723330 -0.723330 1.948978
P 0.721290 -0.721290 -1.989202
P -0.721290 0.721290 -1.989202
P 0.721290 0.721290 1.989202
P -0.721290 -0.721290 1.989202
P 0.719249 -0.719249 -2.029425
P -0.719249 0.719249 -2.029425
P 0.719249 0.719249 2.029425
P -0.719249 -0.719249 2.029425
P 0.717209 -0.717209 -2.069649
P -0.717209 0.717209 -2.069649
P 0.717209 0.717209 2.069649
P -0.717209 -0.717209 2.069649
P 0.715169 -0.715169 -2.109872
P -0.715169 0.715169 -2.109872
P 0.715169 0.715169 2.109872
P -0.715169 -0.715169 2.109872
P 0.713128 -0.713128 -2.150096
P -0.713128 0.713128 -2.150096
P 0.713128 0.713128 2.150096
P -0.713128 -0.713128 2.150096
P 0.711088 -0.711088 -2.190319
P -0.711088 0.711088 -2.190319
P 0.711088 0.711088 2.190319
P -0.711088 -0.711088 2.190319
P 0.709048 -0.709048 -2.230543
P -0.709048 0.709048 -2.230543
P 0.709048 0.709048 2.230543
P -0.709048 -0.709048 2.230543
P 0.707008 -0.707008 -2.270766
P -0.707008 0.707008 -2.270766
P 0.707008 0.707008 2.270766
P -0.707008 -0.707008 2.270766
P 0.704967 -0.704967 -2.310989
P -0.704967 0.704967 -2.310989
P 0.704967 0.704967 2.310989
P -0.704967 -0.704967 2.310989
P 0.702927 -0.702927 -2.351213
P -0.702927 0.702927 -2.351213
P 0.702927 0.702927 2.351213
P -0.702927 -0.702927 2.351213
P 0.700887 -0.700887 -2.391436
P -0.700887 0.700887 -2.391436
P 0.700887 0.700887 2.391436
P -0.700887 -0.700887 2.391436
P 0.698847 -0.698847 -2.431660
P -0.698847 0.698847 -2.431660
P 0.698847 0.698847 2.431660
P -0.698847 -0.698847 2.431660
P 0.696806 -0.696806 -2.471883
P -0.696806 0.696806 -2.471883
P 0.696806 0.696806 2.471883
P -0.696806 -0.696806 2.471883
P 0.694766 -0.694766 -2.512107
P -0.694766 0.694766 -2.512107
P 0.694766 0.694766 2.512107
P -0.694766 -0.694766 2.512107
P 0.692726 -0.692726 -2.552330
P -0.692726 0.692726 -2.552330
P 0.692726 0.692726 2.552330
P -0.692726 -0.692726 2.552330
P 0.690685 -0.690685 -2.592554
P -0.690685 0.690685 -2.592554
P 0.690685 0.690685 2.592554
P -0.690685 -0.690685 2.592554
P 0.688645 -0.688645 -2.632777
P -0.688645 0.688645 -2.632777
P 0.688645 0.688645 2.632777
P -0.688645 -0.688645 2.632777
P 0.686605 -0.686605 -2.673001
P -0.686605 0.686605 -2.673001
P 0.686605 0.686605 2.673001
P -0.686605 -0.686605 2.673001
P 0.684565 -0.684565 -2.713224
P -0.684565 0.684565 -2.713224
P 0.684565 0.684565 2.713224
P -0.684565 -0.684565 2.713224
P 0.682524 -0.682524 -2.753448
P -0.682524 0.682524 -2.753448
P 0.682524 0.682524 2.753448
P -0.682524 -0.682524 2.753448
P 0.680484 -0.680484 -2.793671
P -0.680484 0.680484 -2.793671
P 0.680484 0.680484 2.793671
P -0.680484 -0.680484 2.793671
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